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SUMMARY 


Closed-cycle gas turbine systems include both recuperated and 
combined cycles. Both systems employ a pressurized furnace to heat the 
helium and as such required a pressurizing system which includes a 
conventional gas turbine-generator (pump-up turbine). 

The recuperated system uses a pump-up turbine with an inlet 
temperature of 1478, 1200 or 866“K (2200, 1700 or 1100*F). The two lower 
temperatures are compatible with direct fluidized bed combustion of coal. 
Helium turbine inlet temperatures of 922, 1089, and 1255 “K (1200, 1500 
and 1800 °F) with pressure ratios of 2, 2.5, 3 and 4 are considered. 

The helium compressor discharge pressure is fixed at 6.895 MPa 
(1000 psi) with variations of 3.448 and 13.79 MPa (500 and 2000 psi). 
Values of recuperator effectiveness of 80, 90 and 95% are assumed for 
both the pump~up and helium turbine exhausts . Clean distillate fuel is 
used for the major part of the study but several cases with direct coal 
firing are considered. A thermodynamic efficiency of 38% is found for the 
1255“K (ISOO'^F) helium turbine inlet temperature with 90% effective 
recuperators using distillate as fuel. A 4.5 point increase in efficiency 
at the 1089“K (1500'’F) helium turbine inlet temperature is observed as the 
recuperator effectiveness is increased from 80 to 93%. 

The combined closed-cycle gas turbine system uses pump- up 
and helium gas turbine engines similar to those used in the recuperated 
cycle. The recuperators are replaced by heat recovery vapor generators. 
Heat from both the pump-up and helium turbine exhausts is used to heat 
the bottoming fluid. The major part of the study uses steam as the 
bottoming fluid but R-12, methylamine and sulfur dioxide are also 
included. An efficiency of 40.9% is obtained with steam bottoming and 
43.1% with nietliylamine. 
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The high cost of the high temperature gas to gas heat exchangers 
resialts in high .plant, .capital costs, typ.ically ,$.70.0 ^kW for the coal burning 
plants and $500/kW for those burning distillate. Notwithstanding this, the 
■coal fired plants show a cost of electricity as low as 8.75 mills /MJ 
(31.5 mills/kWh) for the combined system with a steam bottomer compared to 
10.06 mills/MJ (36,2 mills/kWh) for the distillate burning system. The 
cost of electricity for the recuperated systems is about 0.56 mills/MJ 
(2 mills/kWh higher) . 

Although the potential cycle efficiencies are high enough to be 
interesting, the complexity of the cycle, high cost of heat exchange 
surface and the resultant cost of electricity mitigate against externally 
fired closed- cycle gas turbine systems. 
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7. CLOSED-CYCLE GAS TUFEINE SYSTEMS 


7 .1 State of the Art 

7.1.1 Closed-Cycle Plant Installations 

Closed gas turbine cycles have been studied since the mid-1930s 
when they were first proposed by Professor Ackeret and Dr. Keller. Since 
then, a few noteworthy closed-cycle power plants have been built and 
operated. A combination electricity and heat production plant at 
Spittelau, Vienna (Reference 7.1) has been in operation since 1971. -This 
plant, rated at 30 utilizes a closed loop' with air as the working 

medium and is fossil-fuel fired. A larger output combined electricity/ 
heat plant (Reference 7.2) has been commissioned recently at Obcrhausen, 
Germany. This unit, which is natural-gas fired, is particularly inter- 
esting because it employs helium as its working fluid. The Oberhausen 
plant is rated at approximately 50 MW of heat output in addition to the 
nominal 50 electrical output. Major cycle parameters of the Spittelau 
plant Include a turbine inlet temperature of 991“K (1325 °F) and a com- 
pressor pressure ratio of 5.7 to 1. Thermal efficiency with respect to 
electrical output is approximately 30%. The corresponding data for the 
Oberhausen closed-cycle helium plant read as follows: turbine inlet tem- 

peratures of 1023°K (1382°F), a compressor pressure- ratio 2.7 to 1, and a 
plant thermal efficiency of 31.3%, 

7.1.2 Areas of Concern: Heat Exchangers and Increased Turbine 

Inlet Temperature 

There are two principal areas of concern regarding the wide- 
spread commercialization of closed-cycle plants. First, heat is added to 
the cycle by means of a surface heat exchanger which adds considerable 
expense to the overall capital cost of such a plant and limit I'.eliuiii 
turbine inlet temperatures. In the above-cited examples, some of this 
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higher capital cost burden is ameliorated by the recovery and utilization 
of otherwise wasted cycle reject heat. The second concern pertains to 
the potential means for achieving higher cycle top temperatures. 
Conventional open-cycle gas turbines have achieved higher cycle inlet 
temperatures by means of convection-cooled turbine blading. By comparison, 
heat transfer rates in high-pressure helium are large and may lead to 
excessive stress-inducing thermal gradients in cooled turbine blading. 

Economically acceptable high temperature heat exchanger materials are not 
currently available. 

7.1.3 Organic Bottoming Cycle Considerations 

As discussed in Subsection 5.1, organic bottoming fluids have 
potential advantages over steam in two areas. Certain organic fluids 
have a much lower turbine exhaust volumetric flow than does steam and may 
potentially require smaller, less expensive turbomachinery, as discussed 
more fully in Subsection 7.2. Further, it may be economically preferable 
to utilize lower heat-rejection temperatures (for higher efficiency) than 
are now the practice with steam plants, owing to the smaller low-pressure 
element size requirements. Also, organic fluid bottoming cycles may be 
more amenable to a better thermodynamic fit to the available heat rejec- 
tion from a gas turbine topping cycle. Subsection 7.3 discusses this 
principle of thermodynamic fit with organic bottoming cycles more fully. 

7 . 2 Description of Parametric Points to Be Investigated . 

Two kinds of closed-cycle systems were investigated during 
Task I: the recuperated closed-cycle systems with recovery of closed 

Bray ton-cycle reject heat via recuperation and the combined closed-cycle 
systems with recovery of closed Bray ton-cycle reject heat by means of a 
steam or organic Ranklne bottoming cycle. In nearly all cases of both 
recuperated and combined-cycle arrangements, a pressurized furnace system 
(listed as pump-up cycle for convenient reference and consisting essen- 
tially of an open— cycle gas turbine system with externally pressurized 
furnace combustor) is used to provide heat input to the closed Bray ton 
cycle . 
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Parameters varied for the helium turbomachihery include the 
turbine inlet temperature, compressor pressure ratio, and compressor dis- 
charge pressure level. Three values of turbine inlet temperature have 
been selected: 922, 1089, and 1255°K (1200, 1500, and 1800°F), Pressure 

ratios have been varied from 1.5 to 1 to 4 to 1 for nonintercooled helium 
cycles and from 4 to 1 to 7 to 1 for the intercooled cases. The level of 
compressor discharge pressure has been set at 6.895 MPa (1000 p'si) abs 
for nearly all cases. Consideration Is given to two other levels [3.447 
and 13.790 MPa (500 and 2000 psi) abs]. 

Recuperator effectiveness values of 0.80, 0.90, and 0.95 and 
recuperator total pressure drop ratios of 0.02, 0..04,. and 0.06' were 
assumed for both the pump-up and helium recuperators. Any one calcula- 
tion used the same value of ef fectiv,eness for both the helium and pump-up 
recuperators unless otherwise noted. 

7.2.1 Parametric Point Descriptions of Recuperated Closed-CycJe 
Systems 

Table 7.1 displays the parametric point selection for the re- 
cuperated closed-cycle system. The systems evaluated are grouped accord- 
ing to combustion gas temperatures exiting from the furnace which 
represents different proportions of heat transmitted to the helium. The 
first group, with 1478 °K (2200 °F) into the pump-up turbine, is used for 
perturbation of recuperator effectiveness, helium top temperature, and 
helium pressure ratio. Figure 7.1 Illustrates the cycle arrangement for 
this group, and Figure 7.2 displays the thermodynamic relationships by 
means of a temperature entropy diagram. On the temperature entropy dia- 
gram, heat added by combustion is depicted as heating the air to high 
(of the order of stoichiometric) temperature. The air is then cooled as 
it gives up its heat to the helium In the closed cycle. Both the closed- 
loop and open-loop gas turbine systems utilize recuperation for exhaust 
heat recovery. 

The second group has an intermediate pump-up turbine inlet tem- 
perature of 1200'‘K (1700®F), corresponding to that in a projected fluid 
bed burning coal. The helium cycle parameters are set at the mean values 


7-3 




Base Case B 

Atmospheric Furnace With 
Llungslrom Recuperator 


Hetlura Cycle 


Compressor 

Ouliet Pressure, Efieelive- 
Psia ness p 



Hole. All Blanks Spaces Have The Same Value As Base Case A 




TABl£ 7.1- CLOSED CYCLES - RECUPERATED 



Purap-Up Cycle 


Helium 

Healer 

M 

P 

Coolers 

Turbine 
Inlet 
Temp , 
°F 

Compressor 

Pressure 

Ratio 

Recuperator 

Comb 


^m 



Heat 

Rejection 

Cool&r 

Approach 

Precooler 

isp/p 

Intercooler 

6p/p 

Hfeclive- 

neis 

M 

P 

M 

P 

mm 

Furnace 

Type 





2200 

10 


0.03 


ngn 

late 

Coal 

Pressi 

irized 






2200 

10 

0.B, 
0 55 


EQ 

in 

■ 

5 








1700 

5, 10 

a9 










1700 

5. 15 







0.02 

X 

0 02 

- 

1700 

10 

0 

- 


Bituminous 

Coal 

Fluidized 

Bed 

Wet Cooling 
Tower. 





■ 

■ 





3 Coals 















^^1 


























DIstI 

from 

late 

Coal 










5, 15 









■1 














Dry Cooling 
Tewer 















■iJi!i|*iiT2.IIM.ll 

■iSElil 










M 
























0.01 

























r 


■ 

m 

■ 


1 

1 

1 

2WF 

Outlet 

Temp. 

1 

1 

1 

■ 

Atmospheric 





























































S-4 



Fig. 7, 1- Recuperated pressurized closed-cycie gas turbine systems schematic 
both helium and pump up cycles recuperated 
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Fig. 7.2“Temperature entropy diagram for a recuperated pressurized closed-cycle gas 
turbine system 
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Fig. 7. 3“Pecuperated-pressurized close-cycle gas turbi ne system schematic with only the helium 
cycle recuperated 
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of the specified range of variation. The pump-up pressure ratio is 
varied here, and, in 'addition, the use of a pump-up recuperator Is 
Included. The base cases used no pump-up recuperator. 

Figure 7.3 illustrates the cycle arrangement for this base case, and 
Figure 7.4 shows the corresponding temperature entropy diagram. 

The third group has a lovJ pump-up' turbine inlet temperature of 
866 °K (1100'“P) and contains the other parameter variations. A fluidized 
bed burning coal might require an over-the-bed or outlet .heat transfer 
surface to cool the air to the 866“K (1100“F) level. 

The last is a group of one, representing a conventional atmos- 
pheric furnace helium heater with rotating Ljungstrom-type regenerator as 
a base case for comparison. A cycle arrangement is shown in Figure 7.5. ■ 

7.2.2 Parametric Point Description of Combined Closed-Cycle 
Systems 

The parametric point selection for the combined closed-cycle 
gas turbine systems calculations is shown in Table 7.2. The basic cycle 
arrangement is shown in Figure 7.6, and a typical corresponding tempera- 
ture entropy diagram is illustrated by Figure 7.7. In general, reject 
heat from both the pump-up and helium cycles is transferred to the bottom 
steam cycle. The steam cycles are, for most cases, reheat cycles with 
both superheater and reheater receiving heat from both gas turbine sets. 

The first group in Table 7.2 uses a pump-up turbine inlet tem- 
perature of 1478*K (2200 °F) with both the pump-up and helium cycles fur- 
nishing heat to the bottoming steam cycles. In this group, the parametric 
variations are in helium 'top temperature and helium pressure ratio. The 
base case has been selected from this group with a 1089°K (1500° F) helium 
turbine inlet temperature and a 2.5~to— 1 pressure ratio. Bottoming steam 
cycle conditions are set at supercritical pressure and at 755°K (900°F) 
superheater inlet conditions. 
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Fig. 7.6-Combi ned pressurized closed-cycle gas-steam turbi ne 
system schematic 
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Closed Cycle - Combined 
Flow Diagram 

Fig. 7. 8~Combined pressurized closed-cycle gas -organic vapor 
turbine system schematic 
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The second group has been selected to determine the effect of 
not transferring heat from the pump-up cycle to the bottom cycle. T!ie 
helium cycle has a mean top temperature of 1089°K (1500°F), and the pump- 
up turbine inlet temperatures include 866, 1200, and 1478°K <1100, 1700, 
and 2200”F). 

The third group varies the helium compressor inlet temperature. 

A helium precooler is used for some cases; also included are two cases 
without bottom cycle reheat. 

*£he following cases serve to investigate, in turn, the effects 
of varying pump-up temperature and pressure ratio, pinch point tempera- 
ture differences, various pressure drops, pressure level, furnace type,^ 
and mode of heat rejection. 

The last group is for bottom fluids other than steam. All are 
used in supercritical Rankine cycles without reheat at helium turbine 
inlet temperatures of 1089“K (1500°F) . fluids used are R-12, methylamine, 
and sulfur dioxide. (A description of the rationale fox selecting these 
fluids is given at the end of this section.) Figure 7,8 illustrates the 
general cycle arrangement for these cycles. One R-12 case and one sulfur 
dioxide nase have desuperheating recuperators which are not shown. The 
methylamine cases represent bottom cycles added to recuperated main 
cycles; one case has direct condensing in a dry-cooling tower (axr con- 
denser) . 

Vapor generators for combined cycles are utilized under both 
the pump-up gas turbine and closed-cycle helium turbine in most cases. 
Approach or pinch point temperature differences were set at values, of 
22.2, 33,3, and 44.4°K (40, 60, and 80®F). Vapor generator helium outlet 
temperatures of 339, 366, 394, 422, and 450°K (150, 200, 250, 300, and 
350“F) were assumed. Vapor generator gas-side pressure drop ratios of 
0.02, 0.04, and 0.06 have been selected. 

The basic pump-up turbine parameters of turbine inlet tempera- 
ture, compressor pressure .ratio, and furnace pressure loss were varied. 
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Table 7.3 - Low Boiling Fluids 


I 

H 

o^ 
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19.6 

316.0 

7.60 

. Carbonyl sulfide 

60.07 

- 

58.4 

221.0 

897.0 


250.0 

2.31 

Propylene 

42.08 

- 

52.5 

197.2 

670.3 

19.5 

227.6 

3 > 66 

Propane 

44.09 

- 

44.0 

206.2 

617.4 

19.4 

188.7 

4. 26 

R-22 

86.48 

- 

41.4 

204.8 

716.0 

20.8 

212.6 

4.99 

Ethyl fluoride 

48.06 

- 

35.9 

216.0 

730.0 


180.0 

4.11 

Ammonia 

17.03 

- 

28.0 

271.2 

1636.0 

23.2 

211.7 

1.49 

Propadiene 

40.06 


25.6 

248.0 


21.0 

182.0 

3.17 

R-12 

120.92 

- 

18.4 

233.6 

596.9 

19.4 

131.6 

8.10 

G-152A 

66.05 


12.5 

236.3 

652.0 

20,8 

126.0 

5.69 

Methyl chloride 

50.49 


10.7 

289.6 

968.7 

20.7 

116.7 

4.94 

Methyl ether 

46.07 

- 

10.6 

260.4 

764.4 

20.6 

123.0 

4.70 

Propyne 

40,06 

- 

9.9 

262.4 

776.2 

20.9 

123.0 

4.23 

Cyanogen 

52.04 

- 

4.9 

262.0 

868.0 

21.2 

116.0 

4.90 

Sulfur dioxide 

64. 07 

+ 

14.0 

315.5 

1143.0 

23,1 

84.1 

5.75 

R-142B 

100.50 


15.4 



20.3 

72.0 

10,00 

Methylamlne 

31.06 


20.3 

314.4 

1082.0 

23.1 

78.6 

3.96 

Isobutane 

56.10 


21.2 

292.5 

580.0 

19.9 

65.6 

8.53 

1-Butene 

56.10 


23.0 

295.5 

583.2 

19.5 

62.5 

8.72 

Propyl fluoride 

62.09 


26.2 




60.0 

8.55 

trans 2-Butene 

56.10 


33.6 

311.0 

595.0 

19.9 

50.0 

10.00 

R-114 

170.93 


38.4 

294.3 

474.8 1 

20.2 

46.4 

18.30 

Methyl bromide 

94.95 


38.5 

375.8 

1227.0 

20.6 

50.0 

12.00 

eis 2-Butene 

56.10 


38.7 

320.0 

610.0 

20.2 

46.0 

10;40 

G-133A 

128.49 


43.0 

306.5 

589.6 

21.2 

45.0 

20.00 

Blmethylamlne 

4'5.08 


45.4 

328.1 

770.0 

22.6 

45.4 

7.78 

Methanethiol 

48.10 


45.7 

386.2 

1049.6 

21.0 

49.7 

7.93 

1-Butyne 

54.09 


47.5 




40.0 

10.50 

R-21 

102.93 


48.0 

353.3 

749.7 

21.1 

40.0 

14.20 

Ethylene fluoride 

66.05 


50.0 




38.0 

12.00 

Ethylene oxide 

44.05 


51.4 

383.0 

1044.0 

21.5 

33.6 

9.20 

Ethyl chloride 

64.52 


54.0 

369.0 

764.0 

21.3 

34,8 

12.90 

Cyclobutane 

56.10 


55.4 

385.0 

740,0 


34.0 

12,10 

Ethylamlne 

' 45.08 


61.9 

361.8 

816.4 

22.3 

32.7 

9.78 

Acetaldehyde 

44: 05 


69.8 

370.0 


20.4 

31.0 

11.40 

R-11 

137.38 


75.3 

388.4 

635.0 

20.1 

23.6 

26.00 

Dibromodifluoromethane 

209.84 


76.1 

388,8 

600.0 


23.0 

31.20 

Water 

18.02 


212.0 

705.4 

3206.2 

26.0 

0.949 

98.30 

2-Butyne 

54.09 


80.8 




21.0 

16.90 







Turbine inlet temperatures of 866, 1200, and 1478 °K (1100, 1700, and 
2200°F) were selected. The first corresponds to relatively large energy 
transfer directly to the closed-cycle fluid in the pressurized furnace^ 
the second value was selected on the basis of its compatibility with the 
operating temperature levels of proposed fluidized bed processes; and the 
third value corresponds to base case open-cycle gas turbine values. Com- 
pressor pressure ratios of 5, 10, and 15 to 1 were selected, all compati- 
ble with single-shaft gas turbine technology . Furnace pressure drop 
ratios'*' of oi02, 0.04, 0.06, 0.09 and 0.12 were used. 

Heat rejection methods include once- through, wet tower, and 
dry tower systems. One system, a methylamine bottomed cycle, used direct 
dry tower condensing. 

Both pressurized furnaces burning liquid fuel and pressurized 
fluidized bed furnaces firing coal were included in the study. An atmos- 
pheric pressure conventional power generation furnace was used for one 
case. 

A 

7.2.3 Selection of Bottoming Cycle Organic Fluids 

When the bottom fluid itself may be varied the number of possi- 
ble parameter combinations increases greatly. Since the number of cases 
is limited, they were chosen to Illustrate particular aspects. 

The fluids themselves were selected from a list of low-boiling 
fluids shown on Table 7.3. In this table the turbine exhaust area para- 

9 

meter (TEAP) illustrates the relative turbine exhaust area for each of 
the fluids when used for bottoming cycles under comparable conditions. 

To derive the TEAP, it is assumed that for each fluid: 

e Heat is rejected at the same specif iced temperature. 

e The latent heat represents all of the rejected cycle 
heat. 


* 

References 7.3 through 7.12 were used in determining organic bottoming 
fluid properties, 
t 

helium pressure drop ratios of 0.02, 0..04, 0.06 and combustion gas pressure 
drop ratios of 0.06, 0.09 and 0.12. 


7-17 



• The cycle input heat is the same. 

• The leaving velocity energy is the same. 

• The specific volume is given by the perfect gas 
equations . 


(Flow Rate) (Specif ic Volume) _ W V 
Exhaust Area, A = V 


M L 


(Axial Velocity) 


(7.1) 


A = 




[r T/M P vJ 


M P L 


1.5 


where W is the mass flow rate, L is the latent heat, R the universal gas 
constant, and M the molecular weight. Since each quantity within 
parentheses is a constant in the preceding expression, 


A -V T/M P 


TEAP is defined as this ratio times 10 


5 


TEAP = T X 10^/M P ' (7.2) 

This equation is convenient to use if tabulations of latent heats and 
saturation pressures are available, but frequently they are not. The 
latent heat may b'e approximated using Trouton’s law and then adjusting it 
from the boiling point to the specified temperature. 

Trouton's law simply states that the molal atmospheric latent 
heat of any substance is approximately 21 times the boiling temperature. 
This rule holds well for a large number of substances, but there are also 
marked deviations. When the latent heats are known, we can find Trouton’s 
number as the number to substitute for 21 in order to give the correct 
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latent heat. In general, associated fluids such as water and the alco 
hols tend to have high Trouton numbers; the number for water being 26. 

For our present use it will be convenient to normalize the 
Trouton numbers about 21 by using a correction factor, q, defined as: 

q = Trouton No/21 


so that 


L 


B 


21qTB 

M 


(7.3) 


at the boiling point. 

Since all of the fluids are to be compared at the same sink 
temperature, it is necessary to correct the latent heat from the various 
boiling points to the common sink temperature. Watson (Reference 7.11, 
p. 233) relates latent heat at two different temperatures as; 




1 - T, 


,0.38 


R1 


(7.4) 


in which 1 is the reduced temperature. 
K 


0.38 


L.. 


T 

c 

— TJI 

T T 
B B 



fl ® 

Tj/T 


— i? 

T ’ T 



1 - T_/T 

1 - — 


c 



E c 

. Y J 


* / 



I. m 


0.38] 


(7.5) 


in which the bracketed quantity is F. Then, 

21 q F 


L Lg F = 


M 


21 q T 


H 


(7.6) 
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Substituting in the definition for T£AP : 


TEAP 


T X 10^ 


[21 q t] 

rT > 

f 


F 

1 M J 

[t J 



' 10^ \ 

1 

[/¥■] 


■21^‘^J 


P J 

‘G 


i040] 


f "N 

1 

l/T'i 

J 

ic 



(7.7) 


in which 





1 - 


Tb/T^- 


0.57 


Tfi/T 


T 


(7.8) 


G is plotted in Figure 7.9, 

This latter form' of TEAP displays the theoretical effects with 
greater clarity. It is dominated by the inverse saturation pressure 
function; the molecular weight increases area directly in a square root 
relation; fluids with high Trouton number reduce area in a strong 1.5 
power relation, but the range of values is small; the compressibility 
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■ Fig. 7. 10-Turt)ine exhaust area parameter vs saturaiion pressure for iow-boiling fluids 
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factor, Z, which was ignored in the derivation, would also act as a sys- 
tematic variable causing a slight reduction at high pressures. 

TEAP values for steam and some other fluids are plotted vs 
saturation pressure in Figure 7.10. The values for steam are plotted up 
to high pressure to show the form of the function even though this is 
outside of the intended range of application. The values for the other 
fluids are plotted for two different temperatures and demonstrate that 
the relation between fluids is generally the same and largely independent 
of the temperature at which compared. 

Figure 7.11 shows the TEAP values for fluids in Table 7.3, all 
at 311*K (lOO^F) . The bottoming fluids for the study were chosen in the 
intermediate TEAP /pressure range so the turbine exhaust area would be 
greatly reduced over that of steam yet not have so high a saturation 
pressure as to make them difficult to contain. Fluids R-l*2, methylamine, 
and sulfur dioxide were selected. 

R-12 (Dichlorodifluoromethane) was selected as a well-known, 
nontoxic, nonflammable fluid. It is used in cycles which illustrate the 
effects of poor thermodynamic fit due to stability limitation and also to 
low-temperature superheated turbine exhaust. 

Hethylamine was selected as having the best area-pressure char- 
acteristics in the intermediate range (see Figure 7.11). It is highly 
flammable. It was used in recuperated cycles for which stability tempera- 
ture limits are not critical. These cycles were also used to illustrate 
the direct deployment of the condensing vapor to air condenser made pos- 
sible with the low volumetric exhaust flow. 

Sulfur dioxide was selected, also from the intermediate area- 
pressure characteristic range, for its high-temperature stability. It is 
rather toxic. It was used in a cycle illustrating good thermodynamic fit 
made possible when not precluded by stability temperature limitations. 

These fluid selections and their assignment to illustrate par- 
ticular cycle effects are rather arbitrary. Note that the cyc3e effects 
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illustrated are not an intrinsic characteristic of the particular fluid 
but would apply for any candidate fluid that would fit a particular ap- 
plication . 

7 . 3 Approach 

7.3.1 Overall Cycle Calculation Procedure 

The number of distinctly different combinations of pump-up, 
helium, and bottoming cycle configurations for this conversion system is 
large compared with other systems. Many of the parametric values for the 
helium cycle, however, are common for several of these combinations. . 
Individual cycle calculations, therefore, were made for the pump-up loop 
cycles, helium cycles, and bottoming cycles. Subsequently, each parame- 
tric point cycle combination was assembled from the individual component 
calculations to give the resultant efficiency and power. 

An example for a typical closed regenerative cycle is described 
as follows. Figure 7.12 illustrates the two subsystems: pressurized 

combustor or pump-up cycle and helium loop subsystem. For all cases the 
pump-up airflow is kept constant at 408 kg/s (900 Ib/s). Power output 
and heat output, Q^, are computed as a function of turbine inlet tempera- 
ture, compressor pressure ratio, air equivalence ratio, fuel- type, and 
recuperator effectiveness. Likewise, helium cycle power output and heat 
input, is computed as a function of turbine inlet temperature, com- 

pressor pressure ratio, recuperator effectiveness, pressure losses, 
intercooler and precooler approach values, and’ heat rejection system for 
a unit mass flow. The assembly consists then of first determining helium 
flow for each parametric point from: 


"ha ‘V 


where W. 


He 


= W Ah 
pu pu 

= helium flow rate 



= pu-mp-up turbine compressor inlet airflow 
[408 kg/s (900 Ib/s)] 
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Fig. 7. 12-Recuperated-pressurized closed-cycle gas turbine system 
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enthalpy drop based on the difference between 
furnace combustion sect^ion outlet temperature 
(typically near stoichiometric) and pump-up 
turbine inlet temperature 


^^le 


enthalpy rise based on the difference in tem- 
perature between helium compressor discharge 
and turbine inlet. 


Subsequently, helium power output is determined and added to 
the pump-up cycle power to yield the gross power output. After subtract- 
ing station auxiliary power requirements, net power output is divided 
intb the higher heating value heat input to the pump-up cycle to deter- 
mine net heat rate . 

A similar procedure is used in computing combined closed-cycle 
performance . 

7,3.2 Organic Bottoming Cycle Calculation Procedure 

The organic cycles were assembled in a manner similar to that 
of the other combined cycles. Since there were only a few cycles, each 
cycle was fitted closely to the available heat line from the pump-up and 
helium cycles , changing the parametric values from those initially chosen 
in order to better demonstrate the intended effect. 

For R-12 (Points C46 and C47), thermodynamic properties were 
obtained from the tables in Reference 7.6 except that in that pamphlet 
the higher temperature properties existed only on a small-scale figure. 
For both cycles the bottom pressure was taken as 0.931 MPa (135 psi) abs, 
corresponding to 312“K (101.7‘’F). The turbine inlet temperature and 
pressure were set at 644“K (700°F) and 1.724 MPa (2500 psi) abs, 


As results from both recuperated closed-cycle systems and combined 
closed— cycle systems are frequently referred to, the cycle point numbers 
as described in detail in Subsection 7.4, are preceded by an "R" or a 
"C", respectively, for clarity and convenience. 


7-27 



respectively. The turbine expansion was calculated in two parts, trom 
1-7-.24- to 3.447 -MPa (-2500 to-.500--psi)- abs and from 3.447 MEa {300. psl-)- abs 
to the turbine exhaust pressure. For Point C46, which contained an R-12 
desuperheating recuperator, a 17.2 kPa (2.3 psi) drop was assumed. The 
turbine efficiency was assumed to be. 0.86 for the high-pressure portion 
and 0.89 for the low-pressure portion. The pump work was calculated from 
the inlet liquid volume and pressure rise at an efficiency of 0.75. A 
15% pressure drop ratio was assumed for heating to turbine inlet tempera- 
ture. (A temperature-entropy diagram for these cycles is given in Sub- 
section 7.4 as Figures 7.44 and 7.45.) The pinch point temperature 
difference was taken as 22.2“K (40°F), and the R-12 flow for Point C46 
was calculated as that required to receive all of the available heat from 
both the purap-up and helium cycles to heat the R-12 to the turbine inlet 
temperature. 

yi* 

The Rankine feedheat was obtained by cooling the helium to a 
specified temperature [366°K (200°F) ] and by cooling the superheated R-12 
exhaust down to 353°K (176°F), No additional heat could be absorbed, and 
the pump-up exhaust was discharged to stack at the pinch point tempera- 
ture. For Point C47, the R-12 flow was calculated from the total heat 
available from both the pump-up and helium cycles . The R-12 net power 
was calculated using an electrical and mechanical efficiency of 0.965 and 
by subtracting the pump power. The methylamine cycles are slightly dif- 
ferent in that the helium and some of the pump-up cycles which they 
bottom were recuperated. The assembly calculation process was similar. 

Since there were no conveniently available thermodynamic tables 
for methylamine, some of the properties were calculated for specific 
points. (A skeleton temperature-entropy diagram for these cycles is de- 
picted on Figure 7.47 of Subsection 7.4). For temperatures below 323°K 
(122®F) there were tabulated values in Reference 7.4. The zero pressure 
specific heat enthalpy and entropy were taken from Reference 7.11, p. 759. 
The enthalpy and entropy adjustments for pressure were calculated using 
Pitzer's acentric method which is described in Reference 7.13, Appendix I. 


* Fig, 7.44 
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From Figure 7.47 (given in Subsection 7.4) it can be seen that 
the methylaraine turbine expansion ends close to the saturation line, and 
the relatively straight heating line is conducive to an excellent fit to 
the heat available line. The condenser temperatures were adjusted 
slightly in order to correspond to tabulated values. For wet tower ap- 
plication (Points C48 and C49) , the temperature was set at 313“K (104°F) : 
for dry tower application, C50, the temperature was set at 323“K (122“F). 
The difference of 10“K (18*F) is the same as for other cycles, and the 
comparison should correspond. Since there is no advantage in raising the 
compressor inlet temperature for a recuperated cycle, the helium cycle 
bottom temperature was made 20°K (36®F) above the condenser temperature; 
i.e., 333*K (140®F) for the SIS’K (104°F) condensing temperature and 
343°K (158°F) for the 323°K (122®F) condensing temperature. 

The heater pressure drop ratio for these fluids was assumed to 
be 10%, and the turbine inlet pressure was taken as 17.24 MPa (2500 psi) 
abs for Points C48, C50, and C51. Since the bottoming cycle in C49 was 
placed below a recuperated helium cycle but with an 866'*K (1100°F) unre- 
cuperated pump-up cycle, there was insufficient heat temperature to raise 
the methylamine to 533 °K (500°F) as was done in the other cycles. A 
vapor turbine inlet temperature of 505°K (450“F) was selected. At that 
temperature, a pressure of 1.379 MPa (2000 psi) abs gave a better fit. 

The turbine efficiencies were assumed to be 0.88. 

7.3.3 Cycle Fit and Heat Exchange Effectiveness Considerations 

When assembling the results for the combined cycle from the 
various subcycles (purap-up, helium, and steam), the low-temperature heat 
demand (feed heating) of the steam cycle was not sufficient to fully cool 
the helium to the 366'’K (200®F) chosen as the compressor inlet tempera- 
ture. ■ For the base case, the helium could be cooled only to 398 “K (250°F) 
in the vapor generator. The additional heat will be rejected to sink in 
order to cool the helium 31°K (56®F) further. This will not have a large 
effect on the plant. The energy involved does not have much availability. 
The temperature approach to the cooling water is large, and the required 
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Temperature, 





heat exchange surface will be relatively small. Functionally, there will 
be a precooler, although none was originally Intended. 

It became apparent that most of the steam-bottomed^ combined 
cycles would require a similar adjustment; the other fluid cycles would 
not. 

Figure 7.13 depicts the heat load requirements of the steam 
cycle for Point G5 (base) . Lines A and B represent the heat available 
from the air and helium cycles, respectively. At the time of fitting 
these lines to the 'steam cycle, the flow rates of both the air and helium 
have been determined and the absolute values for Lines A and B were 
known. The steam flow, however, had not then been determined. Lines A 
and B were both assumed to be linear, and -their enthalpy rates were added 
, to form Line C. For this case, the right-hand steep end represents the 
air turbine exhaust cooling from the 918®K (1193°F) to the helium exhaust 
temperature 799°K (979°F). The left-hand steep segment represents the 
helium cooling from the 416 °K (290°F) air lower limit to 366“K (200“F). 

Since the air and helium flows are known, it is convenient to 
extend the combined part of line C to a fictitious end point, D. This 
represents the inlet temperature if both the air and helium sta,rted at 
the same temperature and both transmitted the same sensible heat as the 
air alone does in this region. Obviously, this fictitious temperature 
cannot be used for heat transfer calculations. 

Point D can be considered as the end point on the steam heat 
requirement curve and the Line G rotated to fulfill the pinch point re- 
quirement, This is depicted on Figure 7.14 with the pinch point, E, cor- 
responding to 628 °K (670®F) on thei steam cycle. The flow rate for steam 
is now calculated so that the heat required to the right of this point 
exactly matches that available from the air and helium cycles down to 
Point E. The additional heat required by the steam below the pinch point 
then can be calculated. It was intended that this heat be supplied by. 
cooling the helium to 366®K (200°F) and by cooling the air as much as re- 
quired but not below 416®K (290*F-). Thus, the air would be discharged at 
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634°K (681“F) , producing the situation shown dotted in Figure 7.14. The- 
left helium-cooling line shows a negative pinch point at the reheat knee, 
which is obviously impossible. 

There is still sufficient heat in the discharge air to avoid 
this condition; but when this is used, the helium can no longer be com- 
pletely cooled by the steam cycle. This cooling scheme' is depicted by 
the solid lines in Figure 7.14, with the air being discharged at 578“K 
(580°F) and the helium at 398“K (256°F) . The helium was assumed to have 
been cooled to 366“K (200° F) in a precooler. Physically, the precooler 
need only constitute some banks of finned tubes carrying cooling water 
and placed after the steam cycle economizer tubes in the vapor generator. 
The heat rejected to sink is increased accordingly. 

Since the amount of extra cooling would be different for the 
various cases, results would be hard to Interpret. In order to relate 
the various cases to -one another, the effectiveness values with which the 
available energy of the .turbine exhaust streams was transmitted to the 
bottoming fluid were calculated as: 


'£ 


B 


g 

Bottom 
PU ®He 


(7.9) 


For the bottom fluid, B could be calculated from tabulated 
thermodynamic properties. 


B = S W, Ab. 
i 1 


(7.10) 


where 


W. 

X 


= mass flow rate 


b. 

X 


B 


Bottom 


"PU 


"He 


= h-T S 
o 

= transmitted to bottom fluid 
= available in pump-up turbine exhaust 
= available in helium turbine exhaust. 


in which T^ was taken as the condenser temperature. 
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For the turbine exhaust streams, the values of B were calcu- 
lated separately for .each from, .the equation derived below. 

Assume linear availability of heat (constant C^) over a small 
temperature difference: 


dq = W dh = 


W C dT 
P 



dB = (n carnot) (dQ) 



( 7 . 11 ) 



( 7 . 12 ) 


B = Q- 




( 7 . 13 ) 
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7.3.4 Heat Exchanger Design Procedures 


Since the use of surface heat exchangers is central in these 
closed-cycle concepts , the resultant pricing of such equipment has a 
major Impact upon assessing the overall viability of the concept. Unfor- 
tunately, the majority of the heat exchangers involved (helium pressur- 
ized furnaces, heat recovery vapor generators, intercoolers, and 
recuperators) are not in widespread commercial use and, of necessity, the 
approach to pricing and concept design must be somewhat arbitrary. Given 
below is a descript,ion of the design procedures used for sizing this type 
of heat exchanger. 

Due to the single-phase' flow nature and relatively high pres- 
sures encountered in these exchangers a shell-and-tube design was 
adopted. For a given heat transfer rate, Q, a specific pressure drop, and 
cycle-determined fluid temperatures, the first step was to select suit- 
able tube configurations for the conditions involved. Then, using pub- 
lished correlations for internal heat transfer and pressure drop, as vs^ell 
as external correlations (Reference 7.13), the following iterative calcu- 
lation would be made: 

1. Choose a tube velocity, V^. 

2 . Compute 


^^tube 


4f 


\ 2g 


(7.14) 


where f = 0.046 (p V^. D^/p) ' 

= tube length (arbitrarily chosen) 

= tube internal diameter 
p = fluid density 
p = fluid viscosity, 

3,. Adjust to .conform to allowable pressure drop. 
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4 Compute 


h = 0.023 ^ 


(7.15) 


where k = fluid conductivity 

Re = p Dj./vi (Reynolds number) 

Pr = p/k (Prandtl number). 

5. Select a triangular, staggered-tube arrangement 

where the center-to-center distance, S , = 2D . 

* t’ o 

6. Choose a maximum shell-side velocity. 

7 . Compute 


AP 


s 


f (p V )^ N 

C> 

p (2.09 X 10®) 


(7.16) 


where = maximum shell-side fluid velocity 

N = number of tube rows transverse to the 
flow 


f = 


0.25 + 


0.118 


U'-^o 


nl.08 


- 1 


fp V D ■ 
‘ s o 


-0.16 


V. J 


where D = outside tube diameter, 
o 

8. Adjust V based on the assumed value of N and on the 
s 

allowable shell-side pressure drop. 
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Compute 


Q 


y » 


h 

s 


0.33 


p V D ■ 
so 


0.6 


H 


0,3 


(7.17) 


10. Solve the following equation for 


LMTD 

Q 



(7.18) 


where LMTD = given log mean temperature difference 
Q = given heat transfer rate 


A = total area internal ,to tubes 
t 

a = ratio of tube internal area to external 
t-o 

area per unit length 


a , = ratio of tube internal area to radial 

t-k 

thermal conduction area per unit length 
of tubing 


= thermal conductivity of tubing metal 
T = tube wall thickness . 


11. From the tubing geometry, and knowing the total "tube 
Inside area required, compute the total length, L^., 
of tubing needed. 

12. Compute the total tube flow cross-sectional area, A^, 
required from 


P^. Vj. (A^) = Total tube-side mass flow, rate (7.19) 


13. Knowing (^j.) tube inside diameter, compute the 

total number of tubes requires, 
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14. Compute the length of each tube from (L^/N^) = length 
.of .each .tube. 

15. Go back to step 2 with new values of and and 
repeat steps 2 to 14 until the desired accuracy if 
obtained . 

16. Knowing the number of tubes and length of each tube, 

as well as the staggered arrangement, find internal 

shell diameter, D . 

’ s 

17. Finally, using 'the formula 


t 

s 


P D' 
s 

2o 


(7.20) 


where t = shell wall thickness 
s 

D = shell vessel Inside diameter 
s 

a = allowable shell wall metal stress 

Pg = shell design pressure, 
the shell wall thickness was computed. 

7.3.5 Definitions ■ 

Basic turbomachinery terms such as turbine inlet temperature, 
compressor .pressure ratio, etc.', and heat exchanger definitions such as 
throttle pressure, approach temperature difference, etc. are consistent 
with those given in Subsections 5.3 and 6.3 of this report. 


7.4 Results of' the Parametric Study 

7.4.1 Recuperative System of Parametric Point Identification 

Table 7.4 presents a detailed listing of -the recuperated system 
parametric point numbers and lists the results of the thermod3mamic effi- 
ciency calculations . 
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For Points R1 through Rl2, the basic closed-cycle parameters of 
helium turbine inlet temperature and compressor pressure ratio were 
varied. Pressure ratio values of 2 to 1 through 4 to 1 were used In con- 
junction with turbine inlet temperature values of 922 through 1255“K 
(1200 to 1800°F) . For all of these calculations, the purap-up gas turbine 
inlet temperature was 1478°K (2200°F), and its compressor pressure ratio 
was 10 to 1. A recuperator effectiveness value of 0.90 was chosen for 
both the pump-up turbine and the helium gas turbine subsystems. In 
Points R13 through R20, variations in the recuperator effectiveness were 
made simultaneously ' over the range 0.80 to 0.95 for both the purap-up 
cycle and the helium cycle gas turbine. Variations of the assumed fuel 
were made in Points R21 through R30. Included were the use of pressur- 
ized fluid bed combustion of bituminous , subbituminous , and lignite coals 
as well as the uses of high- and low-Btu gas . These points all have 
helium turbine inlet temperatures of 1089 ®K (1500 “F) , a helium compressor 
pressure ratio of 2.5, and recuperator effectiveness values equal to 0.9. 
Points R21 and R22 investigated the variation of the pump-up cycle com- 
pressor ratio at values of 5 to 1 and 10 to 1 with recuperator effective- 
ness values of 0.90. For Points R23 and R24, the same pressure ratios 
were used but without a pump-up recuperator. Point R25, Base Case A, was 
fired with Illinois No. 6 bituminous coal in connection with a pump-up 
gas turbine inlet temperature of 1200“K (1700°F), a compressor pressure 
ratio of 10 to 1, and no pump-up recuperator. For Points R26 through 
R30, a pump-up turbine inlet temperature of 866®K (1100°F) was used, 
thereby transferring more heat directly to the helium cycle; and the 
three coals as well as high- and low-Btu gas fuels were considered. In 
Points R31 through R36 , variations were made in compressor pressure ratio 
for each cycle: 2, 2.5, 3, and 4 to 1 for the helium cycle, and 5 and 

15 to 1 for the pump-up cycle, respectively. These calculations were 
made with a pump-up turbine inlet temperature of 866*K (1100°F) and no 
recuperation and a helium turbine inlet temperature of 1088 “K (1500“F) 
with 0.9 recuperator effectiveness. Points R37 and R38 Investigate dry 
cooling tower and once-through heat rejection of the heat picked up from 
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the helium in the precooler. In Points R39 and RAO, the effect of in- 
creasing the pump-up cycle furnace pressure drop ratio from the base case 
value of 0.06 to 0.09 and 0.12 was investigated. Similarly, the effect 
of increasing the helium heat exchanger pressure drop ratio from the base 
case value of 0.02 to 0.04 and 0.06 was investigated’ in Points r 41 and 
R42, respectively. Helium compressor intercooling was considered in 
Points R43 through R45 and helium compressor pressure ratios of 4, 5, and 
7 to 1 were used, respectively. The effects of varying helium cycle top 
pressure have been investigated with the nominal 6.895 MPa (1000 psi) abs 
replaced by 3.447 and 13.790 MPa (500 to 2000 psi) abs in Points R46 and 
R47, respectively. Point R48 corresponds to Base Case B and differs 
principally from Base Case A in the use of an atmospheric pressure furnace 
with a Ljungstrom-type regenerator. Distillate fuel derived from coal 
was used, and the helium cycle principal parameters were 1089 °K (1500®P) 
turbine inlet temperature, a 2.5 to 1 compressor pressure ratio, and a 
0.9 recuperator effectiveness. 

7.4.2 Recuperative System Base Case Results 

The Base Case A cycle schematic diagram has been shown previ- 
ously in Subsection 7.2 (Figure 7.3). Selected thermodynamic data re- 
sults for this cycle are given in- Figure 7.15. The overall cycle 
efficiency for this arrangement has been calculated to be approximately 
32%, with a net output of jiist over 300 MW in the single pump-up turbine, 
single helium turbine configuration. 

Base Case B, utilizing the atmospheric pressure furnace, is 
illustrated schematically by Figure 7.5 of Subsection 7.2. Both a 
schematic temperature-entropy diagram and tabulation of selected cycle 
data for Base Case B are given in Figure 7.16. This cycle arrangement 
with a single helium turbine having an inlet temperature of 1089*’K 
(1500®F) delivers approximately 350 MW at 32.5% overall thermal effici- 
ency . 
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Fig. 7. 15-Summary of thermodynamic c; 
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Fig. 7,16-Summary of thermodynamic cycle data ( recuperative cycle 'Base Case B, Point ”43) 
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7.4.3 Recuperative System: Results of Parametric Variations 

Figures 7.17 through 7.23 and Figures 7.24, through 7.30 show 
the effects of the various parameters on the thermodynamic cycle effici- 
ency and gross cycle power. 'Note that the trends described by the effi- 
ciency curves and by the power curves are the same for each value of 
pump-up temperature and fuel as, for each value, the cycle heat added is 
constant; e.g.. Figures 7.17 and 7.24 show a similar trend as the pump— up 
temperature and fuel is the same for all curves, but Figures 7.19 and 
7.26 do not show the same trend, as the pump-up temperature and fuel vary 
from curve to curve. 

At constant heat added, the efficiency is directly proportional 
to the power; also, the efficiency is directly proportional to the speci- 
fic power, as the airflow is always 408 kg/s (900 Ib/s). For this reason 
the curves are not plotted in terms of specific power and efficiency, 
which would give a single straight line for each value of pump-up tem- 
perature and fuel. 

The efficiency is taken with respect to the higher heating 
value of the fuel. The plant electrical output is corrected for the me- 
chanical and generator loss . 

Figure 7,17 shows the effect of helium temperature and pressure 
ratio on the cycle efficiency. The contribution of the helium loop to 
the cycle performance Is roughly as follows. The helium loop produces 
roughly 60, 66, and 69% of the power; and the loop efficiency is roughly 
31, 39, and 45%, at helium turbine inlet temperatures of 922, 1089, and 
1255°K (1200, 1500, and 1800°F) , respectively, at 2,5 to 1 pressure 
ratio. Also shoxm is the combined effect of the pump— up and helium re- 
cuperator effectiveness which were varied from 0.8 to 0.95 for a helium 
turbine inlet temperature of 1089.“K (1500“ F). 


iz 

The results listed in Table 7.4 and figures shown below apply to thermo- 
dynamic efficiency and corresponding gross power output before related 
station auxiliary powers were deducted. 
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Thermodynamic Efficiency (tj), 


I pf < 





He Pressure Ratio, p 


Fig. 7. 17 -Influe nee of helium temperature and pressure ratio 


Pump“up: T = 1100% p =10, £pu=0 
Helium: T = 1500°F, e =0.9 
Distillate 



Fig. 7. 18 -Recuperated closed -cycle efficiency, ISO ambient 
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Thermodynamic Efficiency (tj) , 


Curve 68032S-B 


Helium: T = 1500®F,p=2.5, £^^ = 0.9 



5 7 10 15 


Pump-up Cycle Pressure Ratio, p 
Fig, 7. 19 -Influence of pump-up temperature and pressure ratio 

Pump-up: T = 1100®F, p =10, fpn=0 Pump-up: T = 1100''F, p =10, £pn = 0 
Helium: T = 1500°F,p =2.5, £„„ =0.9 Helium: T = 1500®F, p =2.5, =0.9 

Distillate Distillate 



0.06 0.08 0.10 ai2 0.02 0.04 0.06 


Furnace A P/P AP/ P 

Fig. 7.20 - Influence of air pressure loss Fig. 7. 21-Influence of helium 

pressure loss 

Purrp-up: T = 1100®F, p =10, £pg = 0 
Pump-up; T = 1100®F, p =10, £pu=0 Helium; T = 1500®F,p =2.5, f-M =0. 
Helium: T-1500°F, p =2.5, £u =0.9 Distillate 

Lrt nS j_ i_ 



Fig. 7. 22-Influence of fuels Fig. 7.23-Influence of type 

cooling tower 


Recuperated closed-cycle efficiency, ISO ambient 
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In. Figure 7.17,' the pump-up temperature is 1478®K (2200“F) and 
the pump-up recuperator is included-. But in the following curves , 

Figures 7.18 through 7.23, pump-up temperatures of 1200 and 866“K (1700 
and 1100°F) were used, and the pump-up recuperator was not included 
(with the exception of the dashed line curve, Figure 7.19). 

Figure 7.18 shows the effect of intercooling, approximately a 
1—1/2 point gain in efficiency. This comparison was made at different 
pressure ratios . 

The parametric variations displayed in Figures 7.18 through 
7.23 use Point R32 as a base or reference condition. Here , the pump-up 
temperature and pressure ratio are 866 ®K (li00“F) and 10 to 1; the helium 
temperature and pressure ratio are 1089“K (1500°F) and 2.5 to 1. No 
pump-up recuperator was used, and a 0,90 helium recuperator effectiveness 
was assumed. Most cases were assumed to fire a coal-derived distillate 
fuel. Point R25 (Base Case A) is the same as the Point R32 reference 
except that the pump-up temperature was 1200°K (1700“F) and the fuel was 
Illinois No. 6 coal. 

Figure 7,19 shows the effect of pump-up temperature and pres- 
sure ratio. The two solid line curves for 1200 and 866“K (1700 and 
1100*F) show approximately a one-point Improvement in efficiency at 866®K 
(1100*F) at a 10-to-l pressure ratio. The improvement is due to the 
larger percentage of work in the more efficient helium loop at 866°K 

(il00“F), although the improvement is somewhat offset by the drop-off in 

* 

pump-up efficiency at the lower temperatures. This Ignores the differ- 
ence in fuel at the two temperatures, but this probably has little effect 
(see Figure 7.22). The effect of pump-up recuperation Is shown by the 
solid and dashed line curves for 1200®K (1700'“F) to be in the order of 
two points at a 10-to~l pressure ratio. Finally, by comparing Point R22 
with Point R6 of Figure 7.17, it is shown that the efficiency is 


* 

At low pump-up temperature, more heat is absorbed by the helium in re- 
ducing the furnace air to the lower temperature and, hence, more heat 
is added to the helium cycle. 

ick 

Point R32 
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approximately the same at 1200 and lAyS^K (1700 and 2200°F) pump-up tem- 
perature. Here the stand-off is due to the counteracting effects 'of the 
work shift to the more efficient helium cycle and the drop-off in the 
pump-up efficiency at 1200'’K (1700“F) . 

As a rough guide to the work shift referred to above, 2/3, 3/4, 
and 9/10 of the total power is produced .by the helium loop at 1478, 1200, 
and 866° K (2200, 1700, and 1100°F) pump-up temperature for the reference 
helium conditions of 1089°K (1500°F) and a 2.5-to-l pressure' ratio. 

Figures 7.20 and 7,21 show the effect of pressure loss in the 
pump-up and helium circuit. Because of the low-pressure ratio, the pres- 
sure loss in the helium loop has a greater effect. Note that the pres- 
sure drop in the recuperator is the combined pressure loss for the hot 
and cold side. 

The effect of fuel type on efficiency is shown by Figure 7.22. 
In Points R32, R26, R27, and R28 for distillate and coals', the spread is 
in the* order of one-half percentage point. For Points R29 and R30 which 
used high- and low-Btu gas, respectively,’ the main factor behind the 
differing efficiency results is the approximate 10% difference in the 
fuel higher and lower heating values (compared with about 5% for distil- 
late). This larger difference for the fuel gases is associated with 
their high hydrogen content. This means that a larger amount of the heat 
added is unavailable for work in the pump-up turbine. Note, also, that 
the efficiency of the low-Btu gas case allows for the energy requirements 
of the coal gasification plant. 

The efficiency differences associated with the precooler tem- 
perature are 'shown in Figure 7.23. With wet, dry, and once-through cool- 
ing, v/ater temperatures of 292.3^, 305.4, and 282. 6“K (66.5, 90, and 49°F) 
were assumed. With a 16.7°K (30°F) approach temperature, the helium was 
assumed to have been cooled to 309, 322, and 299°K (96.5, 120, and 79°F). 

The power curves in Figures 7,24, 7.25, 7.27, 7.28, and 7.30 
have trends identical to those displayed by the corresponding efficiency 
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Gross Power, MW Gross Power, MW 


Curvu t>KOi27-A 



Fig. 7. 24-Influence of helium temperature and pressure ratio 

Pump-up: T = 1100®F,.p=10, Spy =0 
Helium: T = 1500 °F, =0,9, Distillate 
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curves. The heat added is constant with respect to all points on each of 
these curves; hence, the efficiency changes are proportional to the power 
changes. In Figures 7.26 and 7.29 there is a variation in heat added 
from point to point associated with the difference in pump-up temperature 
and fuel. At low pump-up temperature, more heat is absorbed by the helium 
in reducing the furnace air to the lower temperature. 

The heat of combustion per pound of air ,is highest for high-Btu 
gas, intermediate for distillate and low— Btu gas, and lowest for the 
three coals. Furthermore, the coals are assumed to hum with a 4% com- 
bustion loss reducing their effective heating still further, whereas the 
gases and distillate are assumed to burn completely. Thus, as the air- 
flow was assumed constant, the heat added drops off in the order named 
(at fixed pump-up temperature) . This accounts for the difference in 
Figures 7.26 and 7.29 with respect to the corresponding efficiency curves. 
Note in Figures 7.19 and 7.26 the shift in the dashed line curve with 
respect to the solid line curves and the change in spread of the solid 
line curves. This is associated with the lower heat addition at 1200°K 
(1700°F) and the higher heat addition with distillate fuel. Note also, 
in Figures 7-22 and 7.29, that the power is affected more by the change 
in heat addition (highest with high-Btu gas, intermediate with distillate 
and low-Btu gas, and lowest with coals) than by the change in efficiency. 

Point R48, Base Case B, is for an atmospheric combustion sub- 
system. Atmospheric pressure air is supplied to the furnace by a fan. 

A Ljungstrom regenerator preheats the furnace air. By comparison with 
Point R25, Base Case A, the efficiency is roughly the same, but the power 
is approximately 16% higher. 

7.4.4 Combined System Parametric Point Identification 

A tabulation of the combined system parametric variations in- 
cluding parametric point numbers and thermodynamic efficiency results is 
given in Table 7.5. 

The first group, including Points Cl through C9, has been 
selected for variation of the helium cycle turbine inlet temperature and 


7-51 


Gross Power, MW s- Gross Power, MW Gross Power, MW 


Curve ea0322-B 


Helium: T = 1500‘>F,p=2.5, £j^g=0.9 



5 7 10 15 


Pump'up Cycle Pressure Ratio, p 
Fig, 7. 26- Inf luence of pump-up temperature and pressure ratio 

Pump-up: T=1100“F, p =10, Spy^O Pump-up: T = 1100«F, p =10, £py=0 
Helium; T = 1500'’F; p =2.5, =0.9 Helium; T = 1500'‘F, p =2.5, =0.9 

Distillate ^ Distillate 



Furnace AP/P o AP/Phx 


7. 27- Influence of air pressure loss Fig. 7. 28 -Influence of helium pressure loss 
Pump-up: T = 1100°F, p =10, ep(j= 0 Pump-up; T = 1100°F, p =10, £pii=0 
Helium; T = 1500“F,p =A5, =0.9 Helium; T = 1500®F, p =2.5, =0.9 

Distillate 

O OP 



Fig. 7. 29-Influence of fuels Fig,7,30-Inf!uence of type 


cooling tower 

‘Recuperated closed-cycle power, ISO ambient 
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compressor pressure ratio. The first three points utilized a helium tur- 
bine inlet temperature of 922°K (1200°F) with compressor pressure ratios 
of 1.5j 2 , and 2.5 to 1. A pump-up gas turbine inlet temperature of 
1477“K (2200°F) and a compressor pressure ratio of 10 to 1 were used, for 
all nine points. Each was fired with coal-derived distillate fuel, and 
high-pressure reheat steam turbines were used to bottom both the pump-up 
and helium cycles. Points C4, C5 (Base Case), and G6 of this group in- 
corporate a helium turbine inlet temperature of 1089 “K (1500 “F) and com- 
pressor pressure ratios of 2, 2.5, and 3 to 1, respectively. For the 
last three points of the group, the helium turbine inlet temperature was 
set at 1255'*K (1800 ®F); and pressure ratio's of 2.5, 3, and 4 to 1 were 
used. For Points CIO through C12 the pump-up set vapor generator was 
omitted and the pump-up turbine inlet temperatures of 1478, 1200, and 
866®K (2200, 1700, and 1100®F) were used. All three cases assumed pump- 
up set compressor pressure ratios of 10 to 1. Helium compressor inlet 
temperatures of 339, 394, 422, and 450°K (150, 250, 300, and 350“F) were 
assumed -for Points C13 through C16 . Point C5 with a compressor inlet 
temperature of 366°K (200°F) is also a member of this sequence. 

Points C17 through C20 contrast with these in that a precooler is added 
to bring the 'compressor inlet temperature to 309°K (96.5°F). The pre- 
cooler rejects heat to a wet cooling tower and receives helium from the 
vapor generator discharge at temperatures of 366, 394, 422, and 450“K 
(200, 250,, 300, and 350®F), respectively. It was intended that the 
Points C17 through C20 would be the only ones requiring a precooler. The 
compressor inlet temperatures of the other points were intended to be 
high enough that the compressor would accept helium directly from the 
vapor generator. Due to pinch-point problems discussed in Subsection 2.3.3, 
however, a cooler was required for all points except C7, C15, and C16 and 
the organic fluid points C46 through C52. For Points C21 and C22, nonre- 
heat bottoming steam turbines of nominal steam conditions 11.032 MPa 
(1600 psi) gauge, 811“K (1000°F) and 8.618 MPa (1250 psi) gauge, 783°K 
(950°F) were used. Variations of pump-up cycle turbine inlet temperature 
and pressure ratio have been selected for Points C23, C24, and C25. The 
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combinations were 147S°K (2200®F) and 15 to 1 for Point C23; 1300®K 
(•1700*-F) and- -5 to 1 for Point G24; and 1200°K (-1700 “F) - and 10 to- 1 for * 
Point C25 . The helium vapor generator pinch-point temperature difference 
has been modified from the base value of 22°K (40°F) to 33 and 44°K (60 
and 80“F) in Points C26 and C27. The effects of pressure drops have been 
identified for investigation in Points C28 through C36. Furnace pressure 
drop ratios of 0.04 and 0.06 were investigated in Points C28 and C29, as 
compared with the base case value of 0.02. Helium vapor generator pres- 
sure drop ratios of 0.04 and 0.06, respectively, were substituted for the 
base case value of 0.02 in Points C30 and C31. Furnace pressure drops of 
0.03, 0.09, and 0.12 were used for Points C32, C33, and C34. These com- 
pare X7ith the base case value of 0.06. The pump-up gas turbine vapor 
generator pressure drop variations of 0.02 and 0.06 (base case value was 
0.04) were used for Points G35 and C36 . The influence of helium cycle- 
top pressure has been identified for study in Points C37 and C38. Alter- 
native values of 3.447 to 13.790 MPa (500 and 2000 psi) abs v;ere compared 
with the base case value of 6.895 MPa (1000 psi) abs in Points C37 and 
C38, respectively. The use of alternative fuels was investigated in 
Points C39 through C43. Points C39 and C40 utilized high- and low-Btu 
(integrated gasification plant) coal-derived gases, respectively. Both 
use a helium cycle turbine inlet temperature of 1089“K (1500°F), a com- 
pressor pressure ratio of 2.5 to 1, and a pump-up cycle turbine inlet 
temperature' of 1478°K (2200“F) with a 10-to-l compressor pressure ratio. 
Fluidized bed combustion of Illinois No. 6 bituminous, subbituminous , and 
lignite were selected for Points C41, C42, and C43. With each the pump- 
up cycle turbine inlet temperature was set at 1200°K (1700®F) , which is 
compatible with fluid bed operation. For Points C44 and C45, alternative 
cycle heat rejection modes were selected. Dry cooling towers were desig- 
nated for Point C44 and the once-through cooling method for Point C45. 

Alternative bottoming cycle fluids were Identified for study in 
Points C46 through C52. The three fluids used in connection with the re-- 
cuperated open-cycle studies (Section 5) were used here. These included 
R-12, methylamine, and sulfur dioxide. The outstanding properties of 
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R— 12 are that it is nontoxic, nonflammable, and noncorrosive . It is used 
below the base case configuration of pump-up and helium cycles to consti- 
tute calculation Cycles C46 and C47. Since the turbine expansion end 
point lies far into the superheated region for R-12 for this cycle, 

Point C47 contains a desuperheating recuperator to help heat the feed 
liquids. This is to show the contrast with Cycle C46, which does not 
have such a desuperheater. The top temperature for both cycles is 644°K 
(700°F), which is higher than that usually used for R-12. However, the 
usual limits for the fluid are based on its use as a refrigerant, in which 
it is mixed with oil and may even contain some water. In the absence of 
these contaminants' and in contact only with .materials of construction, 
the fluorine stays fixed and the fluid remains stable to a higher tem- 
perature. This is the basis for. the 644 “K (700°F) application. 

Cycles C48 through C51 have been formed by adding bottoming 
cycles to recuperated-type cycles. Since the required temperatures are 
low, the fluid could be chosen without much regard for chemical stabi- 
lity. 

Methylamine was chosen as having good volume relations in the 
intermediate pressure range (TEAP of 3.96). It has a moderate critical 
pressure and could be fitted easily to the available heat lines. 

Cycles C48 and C49 are .subposed below the two types of recuper- 
ated cycle with pump-up turbine temperatures at 1478®K (2200”-F) and 866°K 
(1100°?), respectively (similar to recuperated Cycles R6 and R32, respec- 
tively), for a basic comparison. 

Cycle C50 rejects heat through a water circuit to a dry pooling 
tower and has a condenser temperature of 323®K. (122°F) . It compares with 
Cycle C48 which uses a wet cooling tower. 

The low volume of the methylamine turbine exhaust allows one to 
consider deploying the bottom fluid directly to an air-cooled condenser 
(dry cooling tower) . This avoids the thermodynamic losses associated 
with the use of an intermediate heat exchanger and’ the temperature range 
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Fig. 7. 31 -Summary of thermodynamic cycle data (combined closed cycle base case, Point C5) 
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associated with the intermediate cooling-water loop. Cycle C51 has such 
an arrangement with a condenser temperature of 313“K (104°F) . Since this 
is the same as Cycle C48, the thermodynamic performance' will be identical. 
The comparison will center on the relative cost and eas’e of providing the 
different apparatus ‘associated with the condensing vapor. , 

Cycle C52 is similar to Cycle C46, except that sulfur dioxide 
is used for the bottom cycle instead of R-12, The importance of sulfur 
dioxide is that is has high-temperature stability and thus permits the 
cycle to be adjusted to utilize the available energy from the pump-up and 
helium cycles to a much fuller extent. 

Of the fluids considered, the only others which also have high- 
temperature stability (nominally) are ammonia and cyanogen. The choice 
of sulfur dioxide over these is somewhat arbitrary, but it appears to he 
advantageous . 

Sulfur dioxide is completely nonflammable. Although It will 
not make as low a volume plant as ammonia (TEAP of 5.75 for sulfur di- 
oxide vs 1.49 for ammonia), the volume seems low enough for the applica- 
tion. Furthermore, the higher critical pressure of ammonia [114280. MPa 
(1636 psi) abs compared to sulfur dioxide 7.881 MPa (1143 psi)] abs might 
require a pressure too high to contain easily in order to obtain a good 
thermodynamic fit. The higher critical temperature of sulfur dioxide was 
also thought to be advantageous for ease in obtaining a good fit. 

In any case, sulfur dioxide serves to illustrate the potential 
value of a well— fitted, low-volume, high— temperature supercritical bot- 
toming cycle. 

7.4.5 Combined System Base Case Results 

Figure 7.7 of Subsection 7.2 has illustrated the cycle schematic 
arrangement for Point C5, the combined closed— cycle base case. Selected 
thermodynamic cycle data for this arrangement are tabulated In connection 
with the appropriate temperature-entropy diagram on Figure 7.31. For 
this cycle, it has been calculated that a power plant of this 
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Fig. 7. 32 -Combined closed-cycle efficiency and power, 
ISO ambient 
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configuration would deliver approximately 380 at a net thermodynamic 
efficiency of nearly 41%. 

7.4.6 Combined System Results of Parametric Variations 

The Influence of helium temperature and pressure ratio on the 
engine performance is shown by Figure 7.32. It is evident that the 
helium temperature has a controlling effect. The performance progres- 
sively improves as temperature increases from 922 to 1089 to 1255 “K 
(1200 to 1500 to 1800“F) , This increase is associated with the higher 
efficiency of the helium cycle at the higher temperatures. 

Note the double scale for efficiency and power in Figure 7.32. 
The efficiency and power are directly related as the cycle heat added is 
constant for all points on the curve. The heat added is fixed by the 
choice of pump-up cycle temperature and fuel, as the pump-up (combustion) 
airflow was always assumed to be 408 kg/s (900 Ib/s). Thus, in 
Figure 7.32, the efficiency varies in lockstep with the power. (This is 
also true of Figures 7-33 and 7.36 through 7.42 which follow.) 

Note also that the efficiency reported Is, with respect to the 
engine electrical power, corrected for mechanical and generator loss, and 
the heat equivalent of the fuel based on the higher heating value. There 
is no account of the auxiliary power for providing the circulating water 
to the condenser and cooler in the results- plotted in these figures. 

The data are shown by the curves with regard to the pump-up and 
helium conditions, but without regard to the temperature and pressure of 
the steam in the bottoming cycle. This simplifies the curves and is 
justified, in that the steam conditions are generally set by the pump-up 
and helium conditions. Thus, the pump-up and helium parameters are re- 
garded as independent variables, and the steam parameters as dependent 
variables . 


The results listed in Table 7.5 and the figures shoxm below apply to 
thermodynamic efficiency and corresponding gross power output before re- 
'lated station auxiliary powers were deducted. 
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Fig. 7.33-Combined closed-cycle efficiency and power, 
ISO ambient 
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In the identification of the parametric points for calculation, 
it was intended that the steam cycle heat demands would be well fitted to 
the heat available from the pump-up and helium turbine exhaust streams. 

The degree of fit, however, has varied and' is a noteworthy factor in the 
interpretation of the results. Table 7.6 lists the calculation points 
along with the effectiveness with which the thermodynamically available 
energy of the two exhaust streams is transmitted to the bottoming cycle. 

The values vary from 0.5787 to 0.8534. Also included in Table 7.6 are 
cycle efficiencies normalized for a constant available energy transmis- 
sion effectiveness of 80%. These normalized values are plotted on 
Figure 7.33 and denoted by dashed lines. These curves are flatter than 
the directly calculated ones and show that much of the variation at a 
particular helium turbine temperature can be explained by the changing 
thexmodynaiaic fit of the bottoming cycle. 

Note that the base case, Point C5, is shown as a reference on 
all of the curves. This point is for a pump-up temperature and pressure 
ratio of 147S®K (2200“F) and 10 to 1, and a helium temperature and pres- 
sure ratio of 1089 "K (1500*F) and 2.5 to 1, The use of distillate fuel 
is assumed. 

The effect of pump-up" temperature and pressure ratio is shown 
by Figure 7.34. The efficiency is notably lower at 1200°K (17O0°F) than 
at 1478“K (2200°F) . At 1200“K (1700°F) a greater portion of heat Is ab- 
sorbed by the helium, which gives an Increase in power in the helium loop • 
hut cannot be transferred in full measure to the steam cycle due to the 
pinch-point limitation in the helium section of the vapor generator. 

Thus, a greater portion of the heat is rejected to the helium cooler to 
the detriment of the efficiency. On the other hand, the cycle heat added 
is roughly 9% larger at 1200°K (1700°F).* [More heat is absorbed by the 
helium in reducing the furnace air to the lower temperature of 1200“K. 
(1700°F); hence, more heat Is added.] This tends to increase the power, 
but the Increase is roughly offset by the drop-off in efficiency. 
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Table 7.6 — Effectiveness of Available Energy 
Transmission to Eottom Cycle 


Calc. 

Point 

^A.E. 

”e « 0.8 

Calc. 

Point 

^A.E. 

"’e = 6.8 

Cl 

0.7906 

0.3828 

C27 

0.6859 

0.4202 

C2 

0.6760 

0.3915 

C28 

0.7886 

0.4172 

C3 

0.5787 

0.3936 

C29 

0,7954 

0.4171 

C4 

0.8120 

0.4147 

C30 

0.7886 

0.4172 

C5 

0.7819 

0.4201 

C31 

0.7954 

0.4142 

C6 

0.7191 , 

0.4232 

C32 

0.7828 

0.4217 

C7 

0.8534 

0.4380 

C33 

0.7862 

0.4184 

C8 

0.8302 

0.4433 

C34 

0.7903 

0.4170 

C9 

0.7602 

0.4473 

C35 

0.7799 

0.4211 

CIO 

0.6959 

0.3328 

C36 

0.7847 

0.4192 

Cll 

0.6958 , 

0.3578 

C37 

0.7819 

0.4201 

C12 

0.7200 

0.3709 ' 

C3S 

0.7819 

0.4201 

C13 

0.7799 

0.4183 

C39 

0.7732 , 

0.4050 

C14 

0.7896 

0.4210 

C40 

0.7440 

0.4172 

C15 

0.8018 

0.4208 

C41 

0.7056 

0.4170 

C16 

0.8195 

0.4194 

C42 

0.7069 

0.4038 

C17 

0.7954 

0.4119 

C43 

0.7075 

0.3984 

CIS 

0.8068 ' 

0.4092 

C44 

0.7777 

0.4103 

C19 

0.8221 

0,4057 

C45 

0.7837 

0.4244 

C20 

0.8413 

0.4014 

C46 

0.7058 

0.4112 

C21 

0.7263 

0.4150 

C47 

0.7047 

0.3663 

C22 

0.7333 

0.4149 

C48 

0.7448 

0.4484 

C23 

0.7498 

0.4201_ 

C49 

0.8198 

0.4074 

C24 

0.7318 

0.3998 

C50 

0.7180 

0.4381 

C25 

0.7029 

0.4043 

C51 

0.7448 

0.4484 

C26 

0.7356 

0.4202 

C52 1 

i 

0.8539 

0.4204 


g - Eroportlon of Available Energy of Pump-up and Helium 
Cycle Transmitted to Bottom Cycle. 

’'e = 0.8 “ Plant Efficiency Noinnalised for ^ “ 0*8. 
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Fig, 7. 34-Influence of pump-up temperature and pressure ratio 
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Fig, 7.35 Combined closed-cycle efficiency and power, ISO ambient 
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Curve 680326-A 
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Fig. 7.36~ Influence of pressure loss in pump-up circuit 
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The effect of including an air-to-steam vapor generator is shown 
in Figure 7.35. Without the vapor generator, a greater portion of the heat 

I 

from the pump-up turbine is rejected in the exhaust, particularly for the 
case with the pump-up turbine inlet temperature of 1478°K (2200°F) , 

Figures 7.36 and 7.37 show the effect of pressure loss in the 
pump-up and- 'the helium circuits, respectively. The individual effect of 
furnace loss and vapor generator loss is the same with respect to each 
circuit. 

Figure 7.38 shows the effect of the helium temperature at the 
vapor generator exit; l.e., at the compressor inlet-. The performance 
improves with increased compressor inlet temperature. This effect is 
opposite to that commonly associated with compressor inlet temperature. 
However, it must be noted that the thermodynamic heat rejection temperature 
from the overall closed-combined cycle is linked most directly to the temp- 
eratures at the pump“Up compressor inlet, the pump-up stack and the supposed 
condenser; not to that of the heliiim compressor, inlet. 

As the helium compressor inlet temperature Increases , its outlet 
temperature also increases; and it accepts heat from the pump-up set in a 

I 

more efficient temperature range. This is partially counterbalanced by the 
greater power required to drive the helium compressor. The effectiveness 
of transmission of available energy to the bottom cycle is also improved. - 
This last effect has been removed for the dotted line of Figure 7.38 
showing the efficiency values normalized for an 80% effectiveness of 
available energy transmission. -These show an optimum compressor inlet 
temperature of about 394®K (250®F).' 

The pinch point is shown by Figure 7.39 to have a notable effect 
on the performance. As the vapor generator pinch point temperature 
difference increases from 22.2 to 44.4°K (40 to 80°K) , less of the heat 
absorbed by the helium is transferred to the steam. This is shown by the 
increase in helium- temperature at the vapor generator exit (T5 in Table 7.5) 
and by the increase in heat rejected from the helium cooler. 

Figure 7.40 shows the effect of condenser pressure associated 
with the temperature of the circulating water. The relation between the 
condenser pressure, saturation temperature, and water temperature is 
shown in Table 7.7. The 11.85 and 30.48 kPa (3.5 and 9 in Hg) abs 
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Table 7.7 - Heat Rejection Conditions 


Pressure, 
in Hg abs 

Saturation 
Temperature, ®F 

Cooling 

Water, 

1 

Cooling Mode 

Ambient 

1.5 ' 

91.7 

49.0 

Once .through 

ISO 

2.0 

101.1 

66.5 

Wet tower 

ISO 

'3.5 

120.6 

— 

Wet tower 

5% day 

3.8 

123.4 

90.0 

, Dry tower 

iso" 

9.0 

157.1 

— 

' Dry tower 

5% 'day 














conditions are not study points ) but are included in the performance 
summary (Table 7.5)* 

The effect of the precooler is shown by figure 7.41. Note that 
the precooler reduces the helium temperature to 309®K (96.5°F) at the 
inlet of the compressor. [This is in line with the IS.T^K (30°f) approach 
temperature in the precooler.] As such. Points C17 through C20 are best 
regarded in association with Figure 7.38. It is a matter of semantics 
whether the temperature is reduced to 309°K (96.5"F) in the cooler and 
precooler or in the cooler alone. (Had it been determined that the 
cooler was necessary when the study was planned, the precooler points; 
would not have been included.) We felt that the helium temperature could 
be reduced to its final value in the vapor generator, but for most points 
this is impossible without violating the 22.2°K (AO^F) pinch point tem- 
perature difference. 

Figure 7.42 shows that the use of a nonreheat bottoming cycle 
results in about a two-point drop in efficiency and a corresponding de- 
crease in power. Without reheat, the available heat from the pump-up set 
in particular is not fully utilized in the steam loop. Note that the 
amount of the decrement is for this particular cycle. 

The influence of fuels is shown by Figure ■7,,43. Due to the 
difference in pump-up temperature, fuels for each temperature must be 
compared as a group. In each group, the comparison is with respect to 
distillate. Of the coal points at 1200“K (1700®F) temperature, Illinois 
No. 6 gives higher efficiency and less power than does distillate. With 
distillate, the heat added is 6% higher. (This is associated with the 
constant airflow and the combustion properties of the fuel.) This in- 
creases the power, but the increase is somewhat offset by the drop-off In 
efficiency. In particular, the additional heat is absorbed by the helium 
cycle, giving some increase in power; but it cannot be passed on in full 
measure to the steam cycle because of the limitation imposed by the pinch 
point. Were it not for this limitation, the efficiency would remain near 
constant and the power would increase in proportion to the heat added (as 
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in the recuperated cycle). Comparing the_ coal points, there is an ap- 
proximate two-point drop-off in efficiency in going from Illinois No. 6 
to subbifeuininous to lignite. This decrement, in the case of the low-Btu 
coals,- is due to the greater percentage of work in the low-efficiency 
pump-up set. There is a corresponding decrease in power as the heat 
added is roughly constant. Turning now to the gas points at 1478”K 
(2200 F) pump-up cycle inlet temperature, the efficiency is approximately 
1-1/2 points less with both high- and low-Btu gas than with distillate. 
This drop-off is related to the greater difference in the higher and 
lower heating value o£ the gaseous fuels as compared with the liquid 
fuel. Note that the performance of the low-Btu gas point allows for the 
energy requirements of the coal gasification plant. 

7-4.7 Combined Systems with Organic Fluid Bottoming Cycles 

Special attention was given to the use of organic fluids in the 
bottoming cycles. A detailed description of the results of those calcu- 
lations, Points C46 through C52, is given below. 

Points G46, G47, and C52 illustrate the importance of bottoming 
fluid top temperature capability and of the value of good thermodynamic 
fit between the subposed cycle beat absorption line ,and topping cycle 
heat rejection line. These parametric points and Point C5 are similar in 
that each is used under high-temperature primary cycles [pump-up cycle 
turbine inlet temperature of 1478“K (2200°F) and helium cycle turbine 
inlet temperature of 1089°K (1500"F)] . A tabulation of the efficiency 
results of these cycles is given in Table 7.S. 

As with other cycles, much of the efficiency difference here 
can be explained by the difference in the available energy transmission 
effectiveness. Although the normalized cycle efficiencies at the 0.8 
available energy transmission effectiveness are tabulated, the physical 
implications of achieving such values must be considered. For the steam 
case (Point C5), the higher transmission effectiveness was obtained for a 
physically plausible cycle. To maintain such a level with other steam 
bottomed cycles, however, would require similar high values of helium 
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Table 7.8 - Organic Bottomed Closed Combined-Cycle 
Efficiency Comparison 


Point 

No. 

Power , 
MW 

Thermodynamic, % 

Available Energy 
Transmission 
Effectiveness, B 

Cycle Efficiency with 
Available Energy Transmission 
Effectiveness Corrected to 0.8 

C5 

390.2 

0.415 

0.782 

0.420 

C46 

364.2' 

0.388 

0.706 

0.411 

C47 

326.8 

0.348 

0,705 

0,366 

C52 

408.2 

0.435 

0,854 

0.420 











turbine exhaust temperature and high helium compressor inlet temperature. 
Increasing the cycle complexity would not materially improve the level of 
available energy transmission effectiveness. The lower cycle efficiency 
values' of the. R-12 points (Points C46 and C47) illustrate a fundamental 
point: that fluids cannot accept the available energy effectively where 

fluid top temperatures are limited by the chemical instability of the 
fluid. The 644*K (700“P) limit is for practical purposes about as high 
as R-12 could be used. Point C47 does not utilize recuperative feed 
heating and further illustrates the losses encountered when the super- 
heated exhaust energy of these fluids is directly rejected to the heat 
sink. Cycle temperature-entropy diagrams for Points C46 and C47 are 
given as Figures 7.44 and 7.45. 

The temperature-entropy diagram for Point C52 is given in 
Figure 7.46. Since sulfur dioxide is stable to high temperatures, the 
bottom' cycle has been intentionally closely fitted to the available heat 
supply, the sulfur dioxide turbine inlet temperature being 811“K (1000°F) . 
The close thermodynamic fit is reflected in the available energy trans- 
mission effectiveness of 0.854 and the cycle efficiency of 0.435 - two 
percentage points above that of Point C5. The sulfur dioxide turbine ex- 
haust superheat has been used xecuperatively to aid in feed heating the 
sulfur dioxide liquid rather than rejecting It to the heat sink. The 
good thermodynamic ,fit is made possible by using this exhaust superheat 
and by having Che top -pressure so far above the critical pressure. At 
17.327 MPa (2500 psi) abs, sulfur dioxide has a reduced pressure of 2.19, 
a value which would correspond to a pressure of 48.263 MPa (7000 psi) abs 
in steam. 

Since sulfur dioxide is a low-boiling fluid, this cycle also 
avoids the excessively large exhaust annulus-area turbines required when 
steam is used. 

Cycle Points C48 through C51 use methylamine as the working 
fluid of the bottoming cycle below the recuperated closed-cycle helium 
turbines. The methylamine cycles are supercritical cycles designed to 
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Fig, 7.44 -Dichlorodifiuoro methane (R-12) T-S diagram. (Closed 
combined cycle Point 46) 











Temperature, 


Curve 682027-A 


1200 
1000 
800 

600 
400 
200 
0 

0 0.1 0.2 0.3 0.4 0.5 0.6 

Entropy, Btu/lb-°R 

Fig. 7.46 -Sulfur dioxide T-S diagram. (Closed combined cycle Point 52) 
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have the turbine expansion line end close to the saturation line, thus 
avoiding the superheated exhaust energy usage problem^ The relatively 
low temperatures of the pump-up and helium heating streams permit the 
close thermodynamic fits for these cycles. Figure 7.47 depicts the 
temperature-entropy diagrams for these methylamlne cycles . The results 
of thermodynamic efficiency calculations of these and other related 
cycles are tabulated below. 

Table 7.9 - Methylamine Working Fluid 
Bottoming Cycle Comparison 


Point No . 

Power, MW 

Power Plant 
Efficiency, X 

R6 

328.5 

0.350 

R32 

371.1 

0.338 

C48 

413.4 

0.440 

C49 

449.7 

0.410 

C50 

400.0 

0.426 

i 

C51 

413-4 

0.440 


Points C48, C50, and C51 utilize organic fluid bottoming cycles 
subposed below recuperated closed-cycle R6, and C49 incorporates a sub- 
posed cycle below R32, Cycle 048 has as high, an efficiency (0.44) as any 
of the closed combined cycles for the same purap-up and helium cycle tur- 
bine inlet temperatures [1478 and 1089*K (2200 and 1500“F), respectively] 
The efficiency difference between Cycles C48 and C49 (0.03) denotes the 
difference resulting from a 1478®K (2200“F) pump-up turbine inlet tempera 
ture and one of 1089“K (1500“F). 

Cycle C50 Is similar to C48 except that heat is rejected to 
water from a dry cooling tower. Its performance is poorer, as would be 
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expected. Cycle C50 is intended for comparison with C51, since it also 
has a dry cooling tower, but with direct condensing. Since the inter- 
mediate tracer loop is avoided. Cycle C51 is thermodynamically the same 
as C4S. Thus, C51 shows a thermodynamic performance with a dry tower 
equal to that of C48 with a wet tower. This efficiency gain is one ad- 
vantage of using a low-boiling fluid having a volumetric flow suffici- 
ently low that the fluid can be deployed directly to an air-cooled 
condenser . 

7.5 Capital and Installation Costs of Plant Components 
7.5.1 Description of the Base Case Power Plants 

Three base cases have been selected for study in the closed- 
cycle gas turbine concept category. Two base cases have been identified 
among the recuperated closed cycles , and one base case has been selected 
for study within the combined closed— cycle group. Capital and installa- 
tion costs were generated first for the base cases, and later for the 
remaining parametric points . 

Base Case A of the recuperated closed-cycle systems corresponds 
to Point R25 . It utilizes a single pump-up gas turbine to pressurize a 
fluid bed furnace firing Illinois No. 6 coal. The combustion gas turbine 
compressor airflow has been set at 408 kg/s (900 Ib/s) with a compressor 
pressure ratio of 10 to 1 and turbine inlet temperature of 1200°K (1700°F), 
The closed-cycle helium gas turbine utilizes a compressor pressure ratio 
of 2.5 to 1 and has a turbine inlet temperature set at 1089*K (1500'’F). 

The helium cycle recovers waste heat by means of a recuperator having an 
effectiveness of 0.9. Heat rejection below the helium cycle recuperator 
is accomplished by means of a wet cooling tower. No exhaust heat recu- 
peration is used with the pump-up turbine cycle. 

The Base Case A power plant Island arrangement is illustrated 
by 'Figure 7.48, and the overall site plot plan is shown in Figure 7.49. 

A cross-sectional view of the pressuring or pump-up gas turbine is given 
in Figure 7.50. This unit incorporates a single-shaft rotor arrangement 
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Fig. 7.48-Planl isiand arrangement recuperated ciosed-cyde gas turbine (Base Case A) 
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Fig. 7. 50-Furnace pressurizing (pump-up) gas turbine engine 


I 


similar to the designs described in the recuperated open-cycle gas tur- 
bine and combined gas-steam turbine portions of the study. The combus- 
tion section of this unit is highly modified, however, compared to the 
other units. All compressor discharge air is withdrawn from the gas tur- 
bine cylinder through two large ports. The air is directed to the pres- 
surized furnace; and combustion products are returned by means of a 
concentric piping arrangement, with hot combustion gases returning via 
the interior pipe and cooler compressor discharge air passing through the 
outer annulus. A convection impingement air-cooling approach has been 
selected for the turbine b'lade cooling system as appropriate .for opera- 
tion at turbine inlet temperatures of 1478°K (2200®F). 

Figure 7.51 illustrates the closed-cycle helium gas turbine 
utilized in Base Case A. This unit features a 60 rps (3600 rpm) power 
turbine and a separate 71.3 rps (4280 rpm) high-pressure shaft. The tur- 
bine sections of each shaft utilise conventional construction through 
bolted individual disk designs. A welded assembly of individually forged 
disks has been selected for the compressor rotor design. Each shaft is 
supported by a two-bearing arrangement with tilting-pad fluid film jour- 
nal and tilting-pad thrust' bearings . Special sealing circuits are re- 
quired to. prevent oil contamination of the main working fluid. 

Several niobium- and molybdenum-based blading' alloys have been 
considered for use in the initial high-pressure turbine stages for un— 
cooled operation at the 1255 °K (1800 °F) turbine inlet temperature. 
Metallurgical studies have indicated that although the niobium alloys 
have superior rupture strength, they appear to suffer serious deteriora- 
tion in impure helium. The most promising candidate alloy identified is 
the commercial molybdenum-based alloy TZM. 

The overall power plant arrangement of Base Case A, exclusive 

2 

of waste storage area, encompasses 254,952 m (63 acres). Fuel and dolo- 
mite delivery is by unit train with four 29-car unit trains of coal and 
two 31-car unit trains of dolomite per week. There is an auxiliary dis- 
tillate fuel storage tank which is used during start-up and stand-by 
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Fig. 7.51 “Recuperated cycle helium gas turbine engine (Base Case Al 



operation. The waste dolomite storage area totals 728,453 m (180 acres). 
Heat injection from the plant is accomplished by one eight-cell wet 
cooling tower. 

The recuperated closed-cycle system Base Case B corresponds to 
Point r 48. The turbine island .arrangement for this plant is sho\m in 
Figure 7.52, and the overall plot plan arrangement is illustrated in 
Figure 7.53. This plant utilizes a single closed-cycle helium turbine 
which receives its heat input from an atmospheric pressure furnace (in 
contrast with the pressurized furnace of Base Case A). Consequently, no 
pressurizing or pump-up combustion gas turbine is required. The power 
plant is fired on coal-derived distillate fuel. The closed-cycle helium 
gas turbine is essentially similar in design to the unit of the Base 
Case A power plant. The power plant site arrangement is similar also to 
the Base Case A arrangement, with the principal differences being the 
substitution of liquid fuel storage tanks for the coal and dolomite piles 
and the elimination of the was te‘ dolomite storage area. 

One base. case has been identified from the grouping of combined 
closed-cycle systems under study. This base case corresponds Co Point C5 . 
The base cycle consists of a power— producing pressurized furnace subsys- 
tem, which is bottomed by a closed-cycle gas turbine system. Both these 
Brayton cycles are, in turn, bottomed by a conventional steam Rankine 
cycle. The plant island, arrangement for the base case is illustrated in 
Figure 7.54; the overall power plant plot plan in Figure 7.55. 

A single pump-up gas turbine is incorporated in the combined 
closed-cycle base'case. The electrical output from this 408 kg/s 
(900 Ib/s) Inlet airflow machine is 113 W,‘}~ The unit has a turbine inlet 
temperature of 1478°K (2200*F) and a compressor pressure ratio of 10 to 


The single helium closed-cycle gas turbine selected for this 
plant is illustrated in Figure 7.56. It is similar in design to the unit 
of Base Case A, with the essential difference being the construction of 
the compressor rotor. This design incorporates a through-bolted assembly 
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Fig. 7. 52 -Plant Island arrangement recuperated closed-cycle gas turbine (Base Case B) 
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Fig. 7.53- Recuperated closed -cycle Base Case 3 
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Sub 1- Changed Gas Turbine Steam Boiler 
From 2 to 3 Modules. 

Removed Cooling Tcwers From Island 
R.G. Glenn 4/18/75 

Fig. 7. 54- Plant island arrangement combined close-qfcle gas turbine (point 5) 
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Fig. 7. 56-Helium close-cycie gas turbine for the combined plant 


of compressor disks as opposed to the Integral, welded' design. The unit 
is designed for a net 86 MW electrical output, with a turbine inlet tem- 
perature of 1089°K (1500®F). The compressor pressure ratio is 2.5 to 1. 

The base case Sankine bottoming cycle consists of a 24.132 MPa 
(3500 psi) gauge, 755®K/783“K (900®F/950®F) steam turbine generator of 
191 MW electrical output. 

Principal heat input to the cycle is from a distillate fuel- 
fired furnace pressurized to 1013 kPa (10 atm). The exhaust heat from 
each gas turbine is recovered by means of heat recovery vapor generators 
for the steam bottoming cycle. A four-cell wet cooling tower has been 
selected to reject waste heat from the helium turbine compressor pre- 
cooler and the steam cycle condenser. 

2 

The overall site requires an area of 190,202 m (47 acres) and 
is serviced by three 34-car unit train fuel deliveries per week. 

During the combined closed-cycle portion of the study, consid- 
erable attention was given to the use of organic fluid bottoming cycles. 
The potential for relatively smaller turbomachinery in conjunction with 
the use of these fluids has been discussed. A conceptual design for a 
Rankine cycle turbine using sulfur dioxide working fluid is shown in 
Figure 7.57. It is interesting to note that the last-row- blade size for 
this 60 rps (3600 rpm) unit of approximately 70 MiJ net output is just 
0.28 m (11 in) in length. 

7.5.2 Approximate Sizes and Weights of Major Components 

The relatively complex closed-cycle gas turbine systems have 
enjoyed limited commercial application to date (see Subsection 7.1) . 
Consequently, estimates of major component configurations, particularly 
with respect to furnaces and heat exchangers, only can be approximate. 

A tabulation of the estimated sizes and masses of the major 
components for these systems is listed in Table 7.10. 
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Fig. 7.57“Conceptual design of a sulfur dioxide turbine 
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Table 7.10 - Approximate Size and Mass of Base Case 
Closed-Cycle System Major Components 


Component 

Basic Dimensions 

Mass (Weight) , lb 

Recuperated Closed-Cycle Base 

Case , A (Parametric Point 25) 


Pump-up Gas Turbine 

Turbine section 

10.4 ft X 13.8 ft dia 

150,000 

• A 

Compressor section 

19.3 £t X 13.8 ft dla 

130,000 

Pressurized Pumace 

15 ft dla X 100 ft 

8,000,000 

Helium Gas Turbine 



Turbine section 

28 ft X 14.5 ft dia 

370,000 

Compressor section 

21 ft X 12.5 ft dla 

190,000 

Helium Recuperator 

20 ft dia X 150 ft 

2,000,000 

Recuperated Closed-Cycle Base 

Case B (Parametric Point 48) 


Atmospheric Furnace 

(including preheater) 

150 ft X 100 ft X 150 ft 

28,000,000 

Helium Gas Turbine 

Turbine section 

30 ft X 14 ft dia 

675,000 

Compressor section 

20 ft X 14 ft dia 

250,000' 

Helium Recuperator 

20 ft dla X 150 ft 

3,000,000 

Combined-Closed Cycle - Base 

Case (Parametric Point 5) 


Pump-up Gas Turbine 

Turbine section 

10.4 ft X 13.8 ft dia 

150,000 

A 

Compressor section 

19.3 ft X 13.8 ft dia 

130,000 

Pressurized Furnace 

30 ft X 70 ft X 150 ft 

8,000,000 

Pump-up Vapor Generator 

30 ft X 60 ft X 50 ft 

1,500,000 

Helium Gas Turbine 

Turbine section 

20 ft X 11.3’ ft dia 

160,000 

Compressor section 

15.4 ft X 9.20 ft dia 

. 120,000 

Helium Vapor Generator 

15 ft X 50 ft 

1,000,000 

Steam Turbine Generator 

80 ft X 16 ft dia 

750,000 


rk 

Includes Combustor section. 
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7.5.3 Price Determination Procedure 


The method of determining pump-up gas turbine prices is identi- 
cal to that used for the open-cycle recuperated and combined gas-steam 
systems (see Subsection 5.5). Suitable price modifications were made for 
the turbine combustor shell and the- combustor subsystem to account for 
the full air extraction and the absence of conventional internal combus- 
tors . 

Closed-cycle helium turbine prices were determined in a manner 
very similar to that used for the open-cycle gas turbines. Concept de- 
signs were prepared and arbitrarily divided into major sections or compo- 
nents. The price for each section was estimated and then functionally 
related to a principal thermodynamic parameter. Then, as with the open- 
cycle gas turbines, the price of each parametric point engine was deter- 
mined as the sum of the prices of its components as found from the 
functional relationships. 

The method of pricing the steam turbine generator was identical 
to that used in conjunction with the combined gas-steam system and de- 
scribed in Subsection 6.5 of this report. 

Because. the heat exchange equipment represents a relatively 
large percentage of the total cost, the prices of these items (Including 
the pressurized furnace, heat recovery vapor generator, intercoolers, and 
recuperators) play a pivotal role in assessing the closed-cycle energy 
conversion -systems . Very little tommercial experience exists, however, 
in manufacturing such equipment for closed-cycle gas turbine systems. 

The price estimates for this equipment were, therefore, approximate In 
nature and should" be regarded as such. The procedure used to determine 
the price of this equipment was first to prepare conceptual designs in 
several heat exchangers (approach described in Subsection 7.3) and then 
to prepare price estimates for each. Correlations were then developed 
to relate parametric variations to the examples. For instance, the re- 
sulting correlation developed for the helium recuperator parametric 
pricing is described below. 
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Recuperator Price, $ = P- "*■ 


1 + C, 


1 + 


^ «"•“ (r 


The constants and are 10,250 and 0,00094, respectively. P is the 
nominal shell pressure obtained by dividing the cycle top pressure by the 
compressor pressure ratio. W is the hclimu, flow rate in Ib/s. e is the 
recuperator effectiveness , and and are adders to account for an 
increase in price with temperature. The following values were used: 


Price Adjustment Factors 


Turbine Outlet Temperature 

“l 

“2 

T < 833°K (1050°F) 

0 

0 

833“K (1050*>F) < T < 894“K (1150°F) 

0.15 

0.35 

894“K (1150“F) < T 

0.30 

1.00 


The two cases with increased pressure drop were individually adjusted ac- 
cording to a general curve for plate-fin recuperators (Figure 5.45), even 
though these recuperators are assumed to be of the shell-and-tube type. 
The reduction from the equation price was 6.35% for 4% AP/P and 11% for 
6% AP/P. 

Furnace prices were generated for each of the categories : 
pressurized and atmospheric pressure, distillate-fired heaters, pressur- 
ized fluidized bed fired heater systems, and low-Btu gas— fired heater 
systems with integrated gasification plants. The total price for each 
parametric point furnace system was summed from individual components 
such as (for the pressurized fluidized bed fired heater systems): 


7-95 



Table 7.11 RECUPERATED HELIUM CLOSED CYCLE £ T SYSTEM 


I 

VO 


ACCOUNT NO 
4 
7 
3 
13 
?0 


AUX POWER. HWE 

1.7S321 
1.4G407 
.19935 
1.S3350 
1.7375S 
S. 76345 


PERC 


^r^^uperat ED PELIUH CLOSED^'cYCLe 0 

ilAI n/^iir*n ^ 


NOMINAL POWER. HUE 
NOH heat RATE* ETU/KH-HR 
ST TURB HEAL SATE CHANGE 
CONDENSER 

DESIGN PRESSURE. IN HG A 
NUMBER OF TUBES/SHELL 
U* 3TU/HR-FT2-F 
HEaT REJECTION 
DESIGN TEMP. F 
RANGE, F 

OFF DESIGN PRES. IN HG A 


31B. 
1C445. 


PLANT POM 
2E.3562S 
21.G3D3D 

. 2.94501 

23.39530 
25.G7171 
^ .2,13335 

70DD 
3253 
OQOO 


OPERATION COST MAINTENANCE COST 


.00000 
434.1.G71.4 
.00000 
.00000 
2.68773 

.. 436.35492 

systehbase case input 

NET POWER, MWE 

net heat rate* btu/kw. 


.HR 


11.2GS7C 
.00000 
.DODDC 
. 00000 . 
.00000 
U. 26970 




106 


3315 

.5238 


T.ODOD NUMBER OF SHELLS 

.DGCO TUPE LENGTH. FT 

.0000 terminal .temp DIFF. .F 

51.4000 IppROACH. F 

15.0000 OFF DESIGN TEMP. F 

.DOOC LP TURPXNE SLADE LEN» IN 


IS. 

77, 


>0000 

.CDOQ 

>0000 

0000 

CODE 

0000 


1 

SG.IDC 

2 

.000 

3 

.327 

4 

.ore 

B _ 

4 . £CC 

s 

.000 

7 

2.000 

3 

.000 

9 

• ODD 

in'^ 

-000 

11 

l.ODC 

22 

.rrn 

13 

1.000 

14 

.COD 

15 

.coo 

le 

.000 

17 

STinco 

la 

3.000 

19 

s.noo 

20 

•000 

21 

1.5CC 

72 

srrr.rrr 

23 

.DCC 

24 

£50 .000 

25 

■coo 

2 ^ 

IDDODOC.OOC 

27 

5 0Dc.ciC,n 

2 T 

icaoo.ooD 

'xj 

500000. ODO 

3D 

.300 

31 

.750 

32 

ICC. COD 

33 

.COD 

34 

.EOC 

ft 

.7C0 

3S 

954000,000 

37 

.000 

3" 

1 .000 

3S 

1.000 

40 

3001 00.000 


SOCPC-CDO 

42 

rFCCcr.rrn 

43 

ircrr.cco 

44 

25LCCC .cor 

45 

lECrOC .CCD 

*■1 

« ODO 
l.CGG 

47 

c •;> 

.200 

E.3ED 

4i 

2 . coo 

49 

1.00'’ 

50 

•coo 

1 

1.000 

'"2 

44350000.000 

3 

.300 

4 

l.OOG 

5 

1.000 

G * 

l.QGG 

7 

l.OCO 

0 

l.OOG 

9 

.000 

ID 

746 C CCC. coo 

11 

.100 

12 

2730000.000 

1.3 

.050 

14 

4030000-000' 

IS 

.050 

16 

2S3CCDC.Q0C 

17 

.140 

li 

433CCCC.COO 

19. 

.090 

2C 

.COO 

21 

• ODO 

2Z 

.000 

■> -7 

.OQU 

34 

.000 

25 

• 000 

26 

.□GO 

27 

.OCQ 

25 

.000 

■JQ 

1 .000 

30 

• CCC 

31 

.000 

32 

. 150 

33 

394DOOO .000 

34 

.150 

35 

• □00 

38 

-CCC 

37 

SlCCCr.GGO 

T 0 

.140 

T 0 

35CCCr .OOP 

'4r 

.140 

<11 

86.100 

42 

230. EDO 

43 1 

3710DOOC.&.DOO 

44 

1.000 

45 

.000 

4G 

• ODD 

47 

.CCD 

4» 

• COO 

43 

1 .000 

EC 

.etc 



Heater modules 


• Coal and dolomite preparation equipment 

• Coal and dolomite feeding equipment 

• Solid waste handling equipment 

• Particulate removal equipment ' 

• Special piping. 

Section 2 of this report describes- the balance of plant pricing 
methods utilized by the architect/engineering firm, Chas. T. Main, Inc. 

7.5.4 Tabulation of Overall Plant Material and Installation Costs 

As described in Subsection 6.5.4, the prices for steam turbine • 
condensers, cooling towers, and related installation costs have been cal- 
culated by price correlations preprogrammed into the cost of electricity 
calculation. The prices of remaining items were determined by means of 
the methods described above. 

The price and heat rejection input for the recuperated cycle 
Base Case- A (Point R25) as used in the computer program is given in 
Table 7.11. Similar input for the recuperated cycle Base Case B 
(Point R48) and the combined closed-cycle base case (Point C5) are given 
in Tables 7.12 and 7.13, respectively. 

Prices and installation costs have also been prepared according 
to account code category (including such headings as Site Development, 
Excavation and Piling, Plant Island Concrete, etc.). This tabulation for 
the recuperated closed-cycle Base Case A is shown in Table 7.14, and 
similar listings for the recuperated closed-cycle Base Case B and the 
combined closed-cycle base case are shown in Tables 7.15 and .7.16, respec— 
-tively. Both unit and total quantity costs are listed in addition to the 
percent of the total equipment and installation cost contained within 
each particular account code. 

Table 7.17 gives similar cost tabulations for the remaining 
parametric points of the recuperated closed-cycle system, and Lhe 
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Table 7.12 '’ECUPES ATrO HILIUM CLO^cT CYCLi: 5 T rYSTCH 


ACCOUNT NO AUX POWER »MWE PERC 

9 • 2 . 75 '^ 9 £; 

19 1.B310D 

TOTALS' 4.SS7SS 

recuperated HELIUfi CLOSEC CYCLE C 
NOMINAL POWER » KWE 3SR. 

NON heat RATEi 5TU/KW-HR 1C36C, 

ST TURB heat rate CHANGE' 

CONDENSER 

DESIGN PRESSUREf I N HG A ?, 

number of TUBES/SHELL 
Ui BTU/HR-FT2-F 
HEAT REJECTION 

DESIGN TEMP. F 51. 

RANGE. F IE, 

OFF DESIGN PRES. IN HG A 


^LANT FCV. OPERATION CCST MAINTENANCE COST 


GD.D111S .ODOOC' 

39.3D853 . .CCODO 

1.20975 .ODDDO 

T SYSTEMPASE CASE INPUT 
20DD NET POWER. MWE 

.7S7S NET HEAT RATE. 3TU/KH-FR 

0000 

0000 number of SMELLS 

.0000 . TUBE LENGTH. FT 

DDOU TERMINAL TEMP OIFF. F 

4000 APPROACH. F 

,OCCD OFF DESICN TEMP. ? 

0000 LP turbine 3LA0E LEN. IN 


17.70520 

.00000 

17.7DS20 

361.S12D 

10435.3265 


.0000 
.CCDD 
3 .0000 

13.0000 

77.CC0C 

.0000 


1 

.COO 

2 

.rcD 

3 

.325 

4 

.DOC 

r 

4.EC0 

E 

.000 

7 

2.000 

3 

.000 

3 

.000 

ia~ 

.000 

11 

l.GOG 

12 

.POO 

13 

l.OCC 

14 

1 .CCO 

15 

.OCC 

IG 

.000 

17 

41.000 

13 

3.DD0 

13 

5,000 

20 

ICC*.??? 

21 

1.000 

22 

iiccc.rro 

23 

• DOO 

24 

710 .000 

-5 C 

2E 

X3DDDOO.OOO 

27 

SOOQiODD 

.2 a 

IDODO-DOO 

23 

9400000-000 

30 

.200 

31 

.500 

32 

110. pro 

33 

.000 

34 

.700 

35 

.7CC 

36 

735000.000 

37 

.000 

33 

1.000 

33 

1,000 

40 

254000.000 

41 

9SGD0.QCD 

42 

35CCCC.CQ0 

43 

iccrc .000 

44 

ECCOD ,000 

45 

3FtOC.CCC 

4S 

.□GO 

47 

.oca 

43 

3.DQO- 

49 

l.ODO 

50 

6.000 

El 

1 

.OCC 

l.ODO 

-> 

E.25D 

55490000. LOO 

3 

,300 

4 

.000 

5 

l.ODO 

6 

1.000 

7“ 

1.000 • 

S 

l.CCG 

e 

,000 

1C 

.CCC 

11 

.ODD 

12 

3660000.000 

IS- 

.050, 

14 

7.3'?0pQp.00D 

IS 

.050 

16 

394O0OC.OOO 

17 

.140 

IS 

e cicGcc .000 

15 

,CSO 

2C 

.too 

21 

-000 


.ODD 

23 

.000 

24 

.000 

25 

:?.?? 

26 

.000 

27 

.000 

2S 

1.000 

23 

l.COO 

30 

31 

7J50OQD.D0O 

32 

.150 

33 

1343D0DD.00D 


.150 

35 

1.000 

36 

1-000 

37 

143CDCC.00D 

3 B 

• 14C 

3T5 

540000.000' 

40 

• 14C 

41 

.000 


165.200 

43 : 

piaoooocri.ooD 

44 

.CCO 

45 

^*.??B 

46 

.ccr 

47 

.nrr 

4*5 

.CCD 

45 

1 .nor 

EC 



m 

gi 

l| 

§ 
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Table 7.13 


COH3tME0 ^IR-HEHUM-STiAH TUR3 CYCLE 


ACCOUNT NO AUX POWER tMWE 

•i 3.15585 

14 .00000 

18 3.39370 

TOTALS 6.25^55 

CONBIHEO AtR-.lELTUH-STEAM 
NOMINAL POWERt KWE 
MOM MEAT RATE. 5TU/ICW--IR 
ST TURB MEAT RATE CHANGE 
CONDENSER 

OESXGN PRESSURE. IN H6 A 
NUMBER OF TUBES/SHELL 
U, BTU/HR-FT2-F 
HEAT REJECTION 
DESIGN TEMP. F 
RAMBE. F 

OFF DESIGN PRES* IN HG A 


PERC PLANT PON OPERATION COST MAINTENANCE COST 


50.45638 17.56873 

.OODDO 3.30889 

43.S4312 .00000 

1.62860 20.87567 

T0R3 CYCLE 3ASE CASE .INftUT 
NET POKER. HUE 
NET HEAT RATE. BTU/KU-RR 


390.3000 

8215.5752 

.0000 


4.36329 

.00000 

.OOOOO 

4.86329 

384 

8349. 


.0454’ 
► 3737 


2. 0000 NUMBER OF SHELLS 

6587.3370 TUBE LEHSTH. FT 

592.4577 TERMINAL TEMP DIFFt F 

51.4000 APPROACH.' F 

23.3030 OFF DESIEN TEMP. F 

.0000 LP TURBINE BLADE LEN. IN 


1 

77. 

5 . 

21 

77. 

25. 


.0000 

.4467 

.0000 

,6744 

OOOO 

,0000 


1 

112.833 

2 

.300 

3 

.415 

4 

-Boo 

5 

5.900 

6 

191.200 

7 

2.000 

8 

1076000000.000 

9 

1.000 

10 

l.ODO 

11 

1.000 

12 

.030 

13 

1.000 

14 

1.000 

15 

.000 

16 

2. 000 

17 

58.000 

16 

3.000 

.19 

. 5.OQ0 

20 

..000 

21 

1.003 

22 

13275.300 

23 

.000 

24 

1235.000 

25 

.000 

26 

3631500.000 

27 

.000 

28 

5000.000 

29 

810GOOO.OOG 

30 

.500 

31 

1.030 

32 

750.330 

33 

.000 

34 

1.000 

35 

1.000 

36 

120000D.DOC 

37 

300.000 

38 

1.000 

39 

1.000 

40 

322000.000 

41 

77000.000 

42 

550000.300 

43 

12031.003 

44 

250000.000 

45 

iSQOOO.OOO 

46 

.000 

47 

.000 

48 

3.00Q 

49 

1.000 

50 

S.DOD 

51 

.009 

52 

5.350 







1 

l.OOD 

2 

1516QCOO.OOO 

3 

.300 

4 

l.OQC 

5 

l.OOD 

6 

1.003 

7 

1.000 

3 

1.000 

9 

1.000 

10 

7410D00.D0Q 

.050 

11 

-100 

12 

1750000.000 

13 

.050 

14 

17SOQOD.COO 

15 

16 

1333039.000 

17 

.140 

18 

1370003. 000 

19 

.090 

ZD 

6350000.000 

21 

>080 

22 

l.CQO 

23 

1.000 

24 

3220000.000 

25 

.300 

25 

8500009.033 

27 

.300 

28 

.000 

29 

.000 

30 


31 

.000 

32 

.000 

33 

.000 

34 

.000 

35 

36 

.000 

37 

335300.000 

38 

. .140 

39 

.230 

40 

.140 

41 

112*600 

42 

86.^00 

43 

82200000,000 

44 

.000 

45 

.000 

45 

51 

■ .003 • 
.000 

47 

52 

.300 

.000 

43 

53 

.000 
325. OOC 

49 

54 

l.ODO 

2500.000 

50 

55 




Table 7.14 recuperated HELIUP CLOSED CYCLE G T SYSTEM AcCCUNT LISTTNC 

PARAMETRIC POIMT N0.2E 


ACCOUNT KO. E ^ AMf i 


UNIT 


.APOUT.-T pat t/L'NIT INC S/L'N'IT PAT COETtJ IAS CCST»3 


EITF DEVELCPHENT 


1 . 
1 . 
1 . 
!• 
1 . 
1 . 
1 . 


PERCENT 


LAND COST 
CLEARING LAND 
CRAOINS LAND 
ACCESS RAILROAD 
LOOP RAILROAD TRACK 
SIDINC R R TRACK 
OTHER SITE COSTS 


It*' ti I 

TOTAL 


ACRE 

n.D 

lOnO.DD 

ACRE 

? 1.0 

,rn 

ACRE 

3C.0 

.DC 

mile 


llfCCC.CD 

MILS 

.0 

120000.00 

MILF 

1.5 

325DCD.CD 

ACRE 

.0 

.00 


DIRECT COST IN ACCOUNT 1 = 


.□n 63000.00 ,.-0.0 

ECO.aC .CC 1?E56.(4 

3000.00 .00 130DQ0.QO 

liOCOC.C'O '75CDC.C0 SSCCOC.CO 
70000.00 .00 .00 

SOGGO.OCi 1*7500. DC 120CCC.CO 

,00 147122.73 147122.73, 

l.?24 account ToTAL»$ S72G22.7B 1C12721.S2 


EXCAVATION S PILING 

?. 1 COMMON EXCAVaTICN Y07 c?4L*:.n 

2. 2 PILING FT 70401.0 
PERCENT TOTAL DIRECT COST IN ACCOUNT 2 : 


.on 3. DO .00 74200. OC 

F.5C £.50 4S7SCC.C0 SSS4DC .CO 

.369 ACCOUNT TOTAL.S 457G0D.00 677600-00 


PLANT ISLAND CONCRETE 

3. 1 PLANT IS. CONCRETE Y03 530C.D 

3. 2 SPECIAL STRUCTURES YD3 .0 

PERCENT TOTAL DIRECT COST IN ACCOUNT 3 : 


7C.CD BC.DC 616CC-0.C0 704CCD.CD 

.00 .00 >QD 

l.OJQ ACCOUNT TCTALrS 61EDDC-G0 7G4CCC.C0 


t 

s 

o 


HEAT REJECTION SYSTEM 

4. 1 COOLING TOWERS 

4. 2 circulating PIC 1 
4. 3 HELIUM PRECOOLER 

percent total DIRECT ( 


structural FEATURES 

5. 1 STAT. STRUCTURAL ST. 

5. 2 SILOS S BUNKERS 
5. 3 CHIMNEY 

S. 4 STRUCTURAL FEATURES 
PERCENT TOTAL DIRECT COS! 


BUILDINGS, . 

G. 1 STATION 9UILCINGS 
6. 2 ADHINSTRATION 
6. 3 WAREHOUSE S SHOP 


=■021 HANDLING 4 STCRADE 
7. 1 COAL KANDLINC SYS 
7. 2 DOLOMI|E HAND. SYS 


7. 3 fuel 0] 


lAND- SYS 


EACH 

IT IT 

.DO 

.DO 

18335DG.D0 

341500.00 

FACH 

' 1.5 

.CO 

.DC 

6C16S7 .30 

7S5E15 .'ED 

EACH 

.n 

,00 

.00 

2333933.97 

2G8ODD.00 

■ IN 

ACCOUNT; 4 t 

S.C56 ACCOUNT 

total t $ 

4684137.25 

1SS731E.4S 

TON 

0 r p , r, 

SSQ.DO 

175.00 

552500.00 

143750.00 

TPH 

.c 

13CC.CC 

750 .00 

.00 

.CO 

FT 

.0 

• CO 

.□n 

.on 

.00 

EACH 

1 .0 

iccctc .cr 

EC'ECr.OC 

spnoac .DC 

50C0C .CD 

■ IN 

ACCOUNT 5 = 

.104 ACCOUNT 

TOTALf* 

S52son.ao ' 

193750.00 

FT 2 

ICt CDCC.t 

.16 

.IE 

16DC0D.C0 

IBCCGG.CD 

FT2 

SODO.Ij 

IS.DD 

14.00 

800DD-OD 

70000.00 

FT2 

ICiCPC'.Q 

•12. CC 

g ,cc 

120 OCQ .00 

30CDC .CD 

IN 

ACCOUNT 8 = 

.513 ACCOUNT 

TOTALtS 

360000.00 

310000.00 

TPH 

lit .4 

.CO 

.DC 

:3Cn37E .72 

114ICST .ES 

TP.H 

31.2 

.□u 

,00 

1329357.89 

639292.16 

CAL 

SGCCOC .0 

.00 

.00 

7B37S.21 

GC34S.53 

■ IN 

ACCOUNT 7 = 

4.339 ACCOUNT 

total,* 

37SGS11.S9 

1304023.22 


=UEL PROCESSING 

a. 1 COAL DRYER 6 CPUSKER TPH .C 

3. 2 CAR30NI2ER3 TPH .0 

B. 3 GASIFIERS TPH .0 

PERCENT TOTAL DIRECT COST IN ACCOUNT 3 : 


.CC 

.OG 

.CO 

.CO 

• no 

.00 

.00 

.00 

,rc 

.00 

.CO 

.CO 

•QOO ACCOUNT 

total,* 

.00 

.00 



Table 7.14R'^a.‘PrRfiTJ;r‘ HELlUP CLCSrC CYCLE C T SYSTEK acCCUNT LISTIN'C 
Continued ’flftVrT!?IC POIN't no. 25 

ACCOUNT NO. K NAK<^i UNIT.- AKCUM PAT ?/UN'IT i/UNTT pAT CCET»I 


INS CCSTtJ 


FIRING SYSTEM 

FERMENT TOTAL oTRECT COST IN ACCOUNT 


.0 .00 •00 

S = .coo ACCOUNT TcTALt* 


.00 

.CC 


:?8 


VAPOR CENEPATOP (FIOECI 

10. 1 PRESSURI2ED HE FURNACE 1.0 4 4 *(5 0000. 0 0 13455000-00 443500DO.0O 134SSOOO-OD 

PERCENT TOTAL DIRECT COST IN ACCOUNT 10 =,44. Eli ACCOUNT TOTAL»$ 44E50C00.CC 1345SC0C.ED 


ENERGY CONVERTER 

11- 1 PJJNP up GT-GEN S AUX 

HE TUBS COMPRESSOR SECT 
HE TURB TURBINE SECT 
HE TUBS auxiliaries 
*>E TURB-3EN 8 EXCITE^ 


11 

11 

11 

11 


l.Q 
1 .0 
l.U 
l.C 
1.0 


7460000.00 
P7300DE.CD' 
■ 41!3DDD0.00 

2 =>sccac.cc 

4:30000.00 


745333.93 

13E500.CC 

201500.00 
403200. CC 

330700.00 


PERCENT TOTAL DIRECT COST IN ACCOUNT 11 =17.749 ACCOUNT TOTAL»S 


7460000. DO 
2730COD .CD 
4030000-00 
2SECCC0.CC 
4230000. 00 
21330000 .CQ 


745393.33 
13F5CC.C0 
201500.00 
4D32C0 .CD 

330700 . on 

1 SC7SSS .55 


COUPLING HEAT EXCPANCl'’ 

12 . 1 - 

percent TOTAL CINECT CCIT IN 


HEAT RECOVERY HEAT EXCH. 
13- 1 PUMP UP RECUPERATOR 

13. 2 HELIUM RECUPERATOR 
PERCENT TOTAL DIRECT COST 


. n 

SCCCUI'T 17 : 


.C 

l.Ci 


HATER TREATKEMT 

14. 1 OEKIP ERALIlLr CPP .C 

14. 1 CONDENSATE P0LIS4IN: XVI -O 

PERCENT total DIRECT COST IN ACCCUM 14 : 


POVER CONDITIGNINC 

IS. 1 STD TRAN'^'^O-'-ER 
““^CE"” 


X VA 


"PERCENT TOTAL DIKECT COST IN 


auxiliary ►'ECR EGUIPMEN’T 
IS. 1 ROILER ceED R fO'-XWE 

IE. 2 OTHER PUMPS KNt 1144:'l.? 

IS. 3 HXSC SERVICE SYS K HE 2‘;07?.2 

IE'. 4 AUXILIARY SOILER PPH .C 

Fc^CENT TOTAL DIRECT COST IN ACCOUNT 13 ; 


PIPE E FITTIN3S 

17. 1 conventional PIPING TON 

iIa X-Hot gas piping ft 

PERCENT TOTAL DIRECT CCST IN t 


ICC.C 

,250.0 



.00 

.00 

. cn 

.00 

iCCC 

ACCOUNT 

TOT ALt $ 

.cr 

.CC 


.00 

.00 

-DO 

.00 

£‘4[;pcc.rp 14 

'Sircp.DC 

5S4CCC0.CC 

14S1CCC .-CO 

r.74£ 

ACCOUNT 

TOTALfS 

rR4Pr'"'0.0C 

1431000.00 

2E 

CD. GO 

7E( .DC 

.CO 

‘ .EC 


1.2*^ 

.30 

-DO 

• on 

.GCO 

ACCOUNT 

7CTAL»$ 

.GO 

.EC 


.00 

.00 

13T177S.48 

30635.53 

1.1<=5 

ACCOUNT 

TCTAL.S 

1E31 776.48 

3r.63E .E3 


• S V 

.04 

.00 

.00 


• b£ 

.12 

1C0ES7.42 

13 731 .47 


1.17 

473 

33 47-04.50 

2C3532.72 


4. CD 

.80 

.00 

.£0 

.303 

ACCOUNT 

TCTAL.P 

435401.91 

227SG4.13 

305 G. CO 

1 SCO .00 

2DDCOO.CO 

ISPCDO.CD 

5600.00 

.’250.00 

1624000.00 

552500.00 

2. 1C? 

ACCOUNT 

TcT AL» S 

1S24C( C .CO 

SSr-fE C .EC 



7-102 


Table 7.14 RECUPERATilO HELIUM CLOSED CYCLE G T SYSTEM ACCOUNT LISTING 
Continued PARAMETRIC POIM rJ0.2E 

ACC'OUNT'NO. a IJAflE? UNIT, AMOUNT HAT S/UNIT IMS'S/UNIT MAT COST*® INS COST,S 


Auxiliary elec equipment 


18. 1 

HISC HOTERS.ETC 



228857.8 

1.40 

.17 

320400 .89 

3S905 .$2 

2 

SUTTCHSEAR 8 MCC 

PAN 

KUE 

267000.7 

1.95 

.45 

1430651.44 

120180.33 

LB^ 3 

COHDUII tCASLES tTRAYS 

F.T 

SSAOOOiO 

1-32 

1.3,6 

1259273.28, 

1297439 

18. 4 

ISOLATED PHASE BUS 

FT 

.0 

510.00 

450.00 

.00 

'.00 

IS. 5 

LIGHTING S COKMUN 

KHE 

3S142',6 ■ 

.35 

.43 

1335C0 .37 

164C14.74 

PERCE 

NT TOTAL DIRECT 

COST 

IN , 

ACCOUNT 13 = 

3.645 ACCOUNT 

TOTAL** 

3143832.62 

1620510. 36 

CONTROL. INSTRUMENTATION 







19. 1 

COMPUTER 


EACH 

1 .0 

FEOQCD.OO 

12000 ,0C 

2D0QD0 .00 

12CCG .CO 

19. 2 

OTHER CONTROLS 


EACH 

1.0 

250000-00 

150QD0.QD 

ZSQOaO.IH! 

isoogn.DO 

162CQ0 -.CO 

PERCENT TOTAL DIRECT 

COST 

IN 

ACCOUNT IS = 

1.0C4 ACCOUNT 

TOTAL** 

11500DQ.GG 

process haste systems 








70. 1 

30TT0M ASH 


TPH 

.0 

-OD 

.00 

.00 

.00 

20. 2 

CRY ASH 


TPH 

14.7 

1D12042.95 

Z53B1Q.74 

1G1ZD42.S5 

253C1C.74 

20. 3 

WET SLURRY 


TPH 

31.2 

2144322.22 

536230.55 

•^2344922.22 

536230.55 

2D. <l 

ONSITE DISPOSAL 


AxaE 

ZESaS— 

65D2.54 

_ 9E50.7Z 

174233.5,97 

2.59.47S4,.e9 

3384CZ5.97 

PERCE 

:NT total DIRECT 

COST 

IN 

ACCOUNT 20 = 

6.342 ACCOUNT 

TOTAL** 

4985301.12 

stack 

SAS CLEANING. 








21. 1 

PRECIPITATOR 


EACH 

.0 

34E74DG.53 £770720.75 

.00 

.ro 

21. 2 

SCRUBBER 


KUE 

.8 

20.23 

3.73 

.ao 

^08 

21. 3 

MISC STEEL fi DUCTS 


.0 

.00 

.80 

.00 

.CO 

PERCENT TOTAL DIRECT 

COSI 

-IN- 

AC.C0UNI_21^ 

. oDQ„Ac.c.ouNi -Lam.fi 

»Q0 

•400 


TOTAL DIRECT COSTS.* 


100919331.00 


2977ESSD.75 



Table 7.15 RECUPERATED HELIUM CLOSED CYCLE S T SYSTEM ACCOUNT LISTINS 

PARAMETRIC POTKT NO. ‘I? 

ACCOUNT NO. 5 NAM't 


;ITE DEVELOPMENT. 

1. 1 LAND COST 
1. 2 CLEARINS LAND 
1. 3 0RADIN6 LAND 
1. ACCESS RAILROAD 
1. 5 LOOP RAILROAD TRACK 
1. 6 SIDINS R R TRACK 
1. 7 OTHER SITE COSTS 


;j(cavation s pilinc 
2. 1 COMMON EXCAVATION 
2. 2 PILING 


PLANT ISLAND CONCRETE 
3- 1 PLANT IS- CONCRETE 
1. 2 SPECIAL^ STRUCTURES 


HEAT REJECTIPN SYSTEM 
4. 1 COOLING TOVERS 


3 HELIUM PRECOCLER 


I 

S 

bJ 


STRUCTURAL '=’EATURES 
r. 1 STAT. STRUCTURAL 
5. 2 SILOS 8 EUNKIRS 
3 CHIMNEY 

5- A STRUCTURAL "EATL 


BUILDINGS 

6- X STATION aUILDINSS 
E. 2 ADHINSTRATION 


U’ilT 

A^IOUNT 

MAT S/UNIT IN 

S S/UKTT 

MAT COST.S 

INS COST,? 

ACRE 

43.0 

IDCD.GO 

.00 

43000. CC 

.CC 

ACRE 

14.3 

.DO 

GOD. 00 

.DO 

3599.14 

ACRE 

4 3.0 

. .00 

3000 .00 

.CO 

129COC.CO 

JAILE 

5.0 

115000.00 

110000.00 

575000.00 

5SDOOD.OO 

MILE 

.0 

120000. CO 

7nnoD.cc 

.CC 

. CC 

MILE 

1.0 

125D0D.D0 

30000.00 

125000.00 

. 30000.00 

ACRE 

.0 

.DC 

,0C 

1G241D.E1 

10S41C .fl 

T IN 

ACCOUNT 1 = 

1.14E ACCOUNT 

total. s 

345410.51 

3'7 0009.7 4 

YDS 

T3CCC.0 

.DO 

3.0C 

.00 

5SCCD.CC 

ft 

esono.n 

5.50 

8.50 

S72000.00 

745000.00 

T IN , 

ACCOUNT 2 = 

.543 ACCOUNT 

TOTAL. $ 

5720C0 .DO 

S4 7CCC .to 

YD3 

11000.0 

70.00 

80.00 

77DOOD.OO 

33CODO.DO 

YD3 

.0 

.00 

.00 

.00 

. CQ 

;t IN 

ACCOUNT 3 = 

1.103 ACCOUNT 

total. S 

770000.00 

SSrsopll-OQ 

"ACP 

17.0 

.50 

,GC 

:ec£5cc.cp 

13CC-CC .-CC 

: EACH 

1.0 

.00 

• DO 

955733.10 

1254G32.17 

EACH 

.0 

.00 

.DC 

77157000^07 

422CCC.cn 

:t in 

ACCOUNT 4 = 

5.310 account 

TOTAL. I 

7353283,05 

2977132.12 

. TCN 

7SC.C 

5FC .CO 

175. CC 

4S7500 .CO 

13125C .cr 

tph 

.0 

I300.cn 

750.00 

.00 

.00 

FT 

4CC.D 

.00 

■ ,0C 

435070.52 

F'^zecc . jp 

: EACH 

1.0 

54000. DO 

90000.00 

2S400D.oa 

33CD0.DD 

;t in 

account 5 r 

1.57E account 

total. $ 

117E570.S2 

•sscese .33 

FT3 

1300000.0 

• le 

.IS 

2O3QOG.0O 

203QDP.0Q 

FT 2 

HOCD.D 

15.00 

14. OC 

SCOOO .CC 

7DCnC .CC 

FT2 

IDOOD-D 

12.00 

3.00 

120000.00 

SOOOD.DQ 

:t IN 

ACCOUNT E = 

.=12 ACCOUNT 

TCT AL. 5: 

4Dscno.cc 

iccrr .cfi 


FUEL HANDLING ? STCRACE 

?; \ Tfa -.a 

7. 3 FUEL OIL HAND. SYS SAL 9400000-0 
FfPCENT total DIRECT COST IN ACCOUNT 7 : 


FUEL FFCCESSING 
3- 1 COAL DRYER L CRUSHER TP-f 
E. 2 CAREONtZEPS TP H 

pfR?El5?^tOT^PDIPECT COST IN^ACCOUNT 


.0 

.0 



•M 

’M 

•CC .00 

343750.00 

S57613.41 

.S‘’'4 account TCTALfS 

S4S76C.CC 

637E13 .41 

.50 .00 

.00 

.00 

.cr .PC 

.CD 

.CO 

.00 .00 

.00 

.DC! 

•CCC ACCOUNT TOTALrS 

,CC 

.CD 



Table 7 15 RECUPERHTi3 HSL^UH .-;LC5".S CYCLS: T SYSTEM ACCOUNT USTING 

Continued FAGA»<rTRIC POIM 


ACCOUNT NO. S NAH?;. 


UNIT 


AKOUNT S/UNir INS S/UNIT «AT C05T.S INS COSTtI 


•ISING SYSTEM 
3» 1 

PERCENT TOTAf DIRECT COST 


IN account 


,Z .UD .00 

3 - .000 ACCOUNT TOTAl-** 


.cc 

.00 


.tc 

.00 


VAPOR G'^N'RATO® 

ID. 1 pressurised' he' FURNACE I.C RIAeODCO.CO lEEATCCO.OC sjijCGOCO.CC 1S6A7CEC..CC 

PERCENT TOTAL DIRECT COST IN ACCOUNT 10 =R3.208 ACCOUNT TOTALiS 55A3Q30D.OO 16S<fTOOO.OO 


ENERSY CONVERTER 
IX. 1 PUMP UP GT-CEM & AUX 
11. 2 HE TORB COMPRESSOR SECT 
11. 3 HE TURB TURBINE SECT 
11. <» HE TUR3 AUXILIARIES 
11. 5 HE TURB-CEN 0 EXCITER 


- .Q 
1.0 
1.0 
1.0 
1 , 0 . 


ISeoOOD.DD 

TSTODOO.CG 

3 : 40000.00 

.S&lCDCO.CO 


.00 

133000.00 
3GS5C0.DC 

551500.00 
E128S3.E2 


PERCENT TOTAL DIRECT COST IN ACCOUNT 11 =1S.702 ACCOUNT TOTAL.S 


.CT!. 

3S60DD0.D0 

737CCOC.OC 

3340000.00 

ESlOCOO.Ctt 

21730000.00 


.CO 

183000.00 
3E35CC.CC 
551500.ro 
612S2S .S3 
171S93S.37 


COUPLING HEAT EXCHANGER 

^PERCENT TOTAL DIRECT COST IN ACCOUNT 12 - 


.000 


.00 .00 

ACCOUNT TCTALtS 


• CO 

.00 


.a 

.00 


M 

t 

o 


4EAT RECOVERY HEAT EXCH. 

13. 1 PUMP UP RECUPERATOR 
13. 2 HELIUM RFOUPERATOB 
PERCENT total direct COST IN ACCOUNT 


water TREATMENT 
14. 1 DE mineralizer 


3 PH 


14. 2 condensate POLISHIME KWE 
PERCENT TOTAL DIRECT COST IN ACCOUNT 14 


1.0 TESOOCCaOO 1147500.DC 7EECC0D.CC 114TECC.C0 
IWO 134300BD.OD 2014500-00 13430000.00 2O1450g»0D 

13 =lG.2na ACCCUilT TOTAL.* 210S0CCG.CC Zie'-CDC.CO 


. Q 
.0 


OOWER CONDITIONING 
IS. 1 STD TRANSFORMER 
PERCENT TOTAL DIRECT 


KVA 


AUXILIARY MECH EOUlPMgNT 

16. 1 SOILER feed “UMF SOR.KWF 

ii: I sm^^crvIfE SYS ilSi 




»£.l 

. 0 

ACCCUNT 16 = 


2500.00 

700-00 

• CO 

.00 

i.?r 

.30 

.rc 

-to 

.DDO ACCOUNT 

TOTAL.* 

. 00 

.00 

.00 

.oc 

IDE2413.ee 

iiFse.is 

,738 ACCOUNT 

total.* 

10S2413.S9 

21S48V23 

.E5 

.04 

.00 

-CO 

i.ry 



iinmi 

4. DO 

.30 

w 00 

,*Q0 

,330 ACCOUNT 

total.* 

32S€00*C<I 

XE6E47.SS 


PIPE £ FITTINGS 


17. 2 
OPRCENT TOTAL 


iTirCT 


TON IIQ.O 3000.00 1800.00 330000.00 134000-00 

FT ?°c.c srro.ro 2250 . 0.0 ig240o.o.cc gszecc.Cd 

COrT IN ACC-iU'vT 17 - U’74 ACCOUNT TOTAL.* lS5400C.Dn 3SnS0r.GQ 



Table 7 15 RECUP ERATCD HELIUM CLOSED CYCLE C T SYSTEM ACCOUNT LISTING 
CoatLu;d ■ P'^RAMETRIC POIMT N0.4S 

ACCOUNT NO. 8 MAHE» UNIT AKOUKT MAT S/ONIT INS s/UnIT k 3<T Ccsf»* lAS CCST*S 


auxiliary elec EGUIPMENT ^ 

13. 1 MISC MOTEHS.ETC ‘ 30Q«»2D.S 1.40 

18. Z SHITCHSEAR 8 HCC PAN KWE 3D042C.5 1.25 

IS, S CONOUIT.CASLES.TRAYS . FP-, T^SOOO.O -,1*11- 

18. 4 ISOLATEC PHASE EUS FT ^ .0 »10*Cg 

18. 5 LISHTINS S COMMON KWE AZSITC.Z , .liS,,.,-, T«r». , 

PERCENT TOTAL DIRECT COST IN ACCOUNT IS = 1.253 ACCOUNT TOTAL»S 


. 1 ? 

.45 

4E0.0C 

.43 


4205S3.76 

2C1S820.G5 

970199.93 

.00 

1S0210.27 

555ES13.00. 


51071.49 

135152.14 

399539.93 

.CO 

1S4544.Q5 
137C404 .77 


control f INSTFL'M.ENTATION 

12. 1 COMPUTER , EACH 1.0 

IS. 2 OTHER CONTROLS EACH 1.0 

PERCENT TOTAL DIRECT COST IN ACCOUNT 19 A 


JSOOOO.OO lOOOO.OQ aSOOClC.OD lOOOD.BO 

600CC.CO IFDOO.OP EQCOO .00 STCOC.CC 
.S66 ACCOUNT TOTAL.® 9SC00D.DQ 49000.00 


OROCESS HASTE SYSTEMS 

?G. 1 SOTTOK ASH TPH .C 

?D. 2 DRY ASH TPH .0 

ZC. 3 HET SLURRY TPH .C 

20. 4 UNSITE DISPOSAL ACRE .0 

PERCENT TOTAL DIRECT COST IN ACCOUNT '0 = 


.CO .00 

.00 -OD 

,00 .00 

7675.49 1107Q.39 

.rrc account total.® 


STACK GAS CLEAMIN6 

21. 1 PRECIPITATOR EACH 2.C 
21. Z SCRUBBER ' KHE .C 
21. 3 KISC STEELES DUCTS ^ .t 
, PERCENT TQ.IAL DIRECT COST IN ACCOUNT 21 


.00 .DO 

3S.2G 9.31 

,CQ .00 

-CEO ACCOUNT TCTAL.S 


TOTAL DIRECT COSTS.* 


115254561 ,CC 


:'1433117 .CX- 



Table 7.16 COM3rN£3 4rR-^ELIU!1-ST£^M T'JR:. CYCLZ ACS3UNI ’..ISTI.'JG 

PARAMETRIC POINT NO. 5 

»CC3UST SO. 8 NAM£» UNIT AMOUNT MAT S/UNlt INS S/UMIT HAT COSTt* IMS OOSTt* 


SITE DEVELOPMENT 
1. 1 LAND COST 
1. 2 CLEARIN3 LAND 
1. 3 6RADXNC LAND 
1* ACCESS RAILROAD 
1. 5 LOOP RAILROAD TR* 
1. G-SIOISS R R track 
1. 7 OTHER SITE COSTS 


ACRE 

58.0 

1000.00 

.00 

ACRE 

19.3 

.30 

530 . OQ 

ACRE 

58.0 

.00 

sooo.oo 

KILE 

5,0 

tlSQQQ.OO 

110000.00 

KILE 

.0 

120QOO.OO 

70000 .00 

MILE 

l.D 

IZSQOO.go 

80000.00.. 

ACRE 

.0 

.00 

.00 

IN ACCOUNT 

1 = 

2.019 account 

TOTAL** 


58000. OE 
.00 
.oc 

575000.00 

.00 

125000.00 
135037.86 
3350 37.85 


.GO 
11533.85 
175CCO.OG 
. 550000.00 
.00 

80000.00 

136037.66 

351635.53 


EXCAVATION S PILIMS 

2. 1 COMMON EXCAVATION YDS 35825. C 
2. 2 PILIMS FT 10B200.3 

PERCEWT TOrAL DIRECT COST IN ACCOUNT 2 : 


.00 3.00 .00 11SA75.0D 

5.50 6*50 590300.00 302700.00 

1.373 ACCOUNT TQIAL>$ 530300.00 1CZZ175.O0 


PLANT ISLAND CONCRETE 
3. 1 plant is- C0NCR=:TE YD3 13275.0 

s; 2 SPECIAL STRUCTUliES YD3 .0 

PERCENT TOTAL DIRECT COST IN ACCOUNT 3 = 


70.00 80.00 323Z50.00 1Q520QO.OO 

.00 .00 .00 .00 

2,176 account total** 3292SO.OO 1352000.00 


TEAT REJECTION SYSTIH 
A. 1 COOLING TOWERS EACH E.O 

9. 2 CIRCULATINS 420 SYS EACH 1.0 

9. 3 STM SURFACE CONO FTZ 135583.0 

9. 9 0R8AMIC VAPOR COND .0 

PERCENT total DIRECT COST IN ACCOUNT 9 : 


.00 .00 321000-00 955C0C.0D 

.00 .00 350351.63 489003.93 

.OD .00 515139.33 -DO 

.00 .00 .00 .00 

3.105 ACCOUNT TOTAL** 18971SS.95 993C03-B3 


STRUCTURAL FEATURES 

5. 1 stay, structural ST. TOM 1285. D 

5. 2 SILOS 8 BUNKERS TPH .C 

S. 3 CHIMNEY FT ,0 

5. 9 structural FEATURES EACH 1.0 

PERCENT TOTAL DIRECT COST IM ACCOUNT 5 = 


850. DO 175.00 B3S25C.00 229875.00 

1800.00 750.00 .00 .00 

.00 .00 .00 .00 

3220D0.0C 77DDO.QO 322000.00 77CDC.0D 

1.535 ACCOUNT TOTAL** 11S725Q.QD 331375.00 


STATION buildings FT3 36315DC.0 

6. 2 AOMIMSTRATION FT2 .0 

6. 3 warehouse 8 SHOP FT2 5000. 0 

PERCENT TOTAL DIRECT COST IN ACCOUNT 5 = 


.16 .16 58109D.CC 581C9C.DC 

15. 3D L9.00 >00 .00 

12,00 8.00 60000.00 9CCOO.OO 

1.380 ACCOUNT TOTAL®* 591090.00 521090.00 


FUEL HANDLING 8 STORAGE 

7. 1 COAL HANDLING SYS TPH .0 

7. 2 DOLOMITE HAND. SYS TPH - .0 

7. 3 FUEL OIL HAND. SYS GAL 8100000.0 
PERCENT TOTAL DIRECT COST- IN ACCOUNT 7 = 


.GO .00 .00 

,00 .00 .00 

.00 .00 732290 .00 

1.920 ACCDUnT total*® 732290.00 


PUEL PROCESSING 

8. 1 COAL DRYER 8 CRUSHER TPH 

8. 2 CARBONIZE RS TPH 

8. 3 gasifiers TPH 

PERCENT TOTAL DIRECT COST IN. ACCOUNT 


,00 .00 

.□0 .00 

.00 .00 

,030 ACCOUNT TOTAL** 
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Table 7 16 COHBINEID AIR-HELIUH-STE AH TURE CYCLE 
Continued PARAHETRIC POINT NO. 5 

'ACCOUNT NO. 8 MAMEt UNIT AMOUNT HAT S/UNIT 


ACCOUNT LISTING 

INS S/UNIT HAT COST»t INS CCST»i 


FIRING SYSTEM 

Q , 1 .0 .00 .00 

PERCENT TOTAL DIRECT COST IN ACCOUNT 3 = .000 ACCOUNT TOTAL?* 


.00 

.00 


.00 

.cc 


VAPOR GENERATOR IFIREDI 


10^ 1 PRESSURizid HE FURNACE. 1.3 19160030.33 5743000.03 

PERCENT total DIRECT COST IN ACCOUNT 10 =27.241 ACCOUNT TOTAL?* 


13180330.00 
19160000. GO 


5743030.00 

5748COO.OO 


ENERGY converter 
11. 1 PUMP UP 5T-SEN 8 AUK 
11. 2 HE TURB COMPRESSOR SECT 
11. 3 HE TUR3 TURBINE SECT 
11. 4 ME.TURB AUXILIARIES 
11. 5 he TUR3-3EN S EXCITER 
n. 6 STEAM TURBINE-GEN 8 AUX 
PERCENT TOTAL DIRECT COST IN ACCOUNT 


1.3 

1.0 

1.3 

1.0 

1.0 

1.0 


7410000.33 

1750000. 00 
1750DDE1. 30 

1330000.00 
1373000.30 
7309649.12 


743999.99 

87500.00 

87500.00 

186200.00 

1633QQ.0D 

632771.93 


11 =26.153 account TOTAL?* 


7410030.00 

1750000.00 

1750000.00 
13IODOO.HD- 

1870000.00 
7909649.12 

2201 9649.00 


740993.99 

87500.00 

87500.00 

136200.00 

163300.00 
632771.33 

1933271.87 


12^ l^PUMP UP HEAT^REC VAP GEN 1.0 3220000.00 966000.00 3220000.00 

12. 2 HE TUR3 VAPOR 3-N 1.0 8530000.30 2550000.00 8500000.00 

PERCENT TOTAL DIRECT COST IN ACCOUNT 12 =16.663 ACCOUNT TOTAL?* 11720D0O.0Q 


366000. CD 
2553300.00 
3516D0C.C0 


HEAT RECOVERY MEAT EXCH. 

13. 1 PUMP UP RECUPERATOR 
13. 2 HELIUM recuperator 
13* 3 DESUPERHEAT RECUPERATOR 
PERCENT TOTAL DIRECT COST IN ACCOUNT 


.3 .33 .00 

.0 .00 .00 

.3 .30 .00 

13 = .000 ACCOUNT -TOTAL?* 


.03 

.00 

.03 

.00 


.DO 

.00 

.00 

.00 


WATER TREATMENT 

14. 1 3EHINERALIZER 3PH 

14. 2 CONDENSATE POLISHING KHE 1912DC.D 

I PERCENT. TOTAL DIRECT COST IN ACCOUNT 14 = 


ZSOO.OO 7DQ.a3 76480.03 21414.40 

1.25 .30 239DOO.CD 57360.G0 

.431 ACCOUNT TOTAL.* 315480.00 78774.40 


POWER CONOITIONIN5 

15. 1 STD TRANSFORMER KVA 477033.3 

PERCENT TOTAL DIRECT COST IN ACCOUNT 15 = 


.CD .00 

1.823 account total?* 


1634530.30 

1634530.30 


32690.61 

32690.61 


AUXILIARY MECH E9UIPHENT , 

16. 1 BOILER FEED PUMP 8DR.KWE 221227.3 

16. 2. OTHER PUMPS KME 225797.6 

16. 3 MISC SERVICE SYS KWE 451595.2 

16. 4 AUXILIARY BOILER PPM .0 

percent total DIRECT COST IN ACCOUNT IG = 


.55 .04 121675-00 8842.09 

.89 .12 198701.90 27095.71 

1.17 .73 528366,41 329664.52 

4.00 .80 .00 .00 

1.328 ACCOUNT TOTAL?* 848743.31 365609.32 


PIPE « FITTINGS^ 

17. 1 conventional PIPIM3 
17, 2 HOT BAS PIPING 
PERCENT TOTAL DIREST COST 


TON 753.0 

FT _ 325.0 
IN ACCOUNT 17 : 


3000. 9Q 1800.00 2250000.00 135000D.0Q 

2500. DD IDOO.OO 812500.00 3Z5G00.00 

5.181 ACCOUNT TOTAL?* 3052500.00 1675000.00 



ACCOUNT LISTIN6 


Table 7.16 
Continued 

ACCOUNT NO. S NAKE> 


COMBINED AIR-HELIUH-StEAM TURB CYCLE 
PARAMETRIC POINT NO. 5 


UNIT 


amount mat S/UNIT INS $/UNIT MAT COST** INS COST** 


AUXILIARY ELEC E6UIPMENT 

18. 1 NISC K0TERS*£TC 451595.2 l.tO .17 

18. 2 SNITGH6EAR C .HCC PAN KNE 451S95.Z 1.95 .45 

18. 3 CONOUlT»CA3LESf TRAYS FI 1200003,0 1.32 1.35 

IB. ^ ISOLATED PHASE BUS FT 300.0 510. CO 450.00 

18. 5 LIGHTXNS 8 COHHUN XUE 451S95.2 .35 .43 

PERCENT TOTAL DIRECT COST IN ACCOUNT 18 = 6.546 ACCOUNT TOTAL** 


S32Z33.32 
1216610.63 
153333S.9B • 
353000.00 
158053.33' 
3743S02.28 


76771.19 
203217 .85 
16^993.98 
135000.00 
194185.95 
2241174.34 


CONTROL. INSTRUMENTATION 

13. 1 COMPUTER- EAC.-I 1.3 553030,33 12000.00 SSOaODiOO 

19. 2 OTHER CONTROLS EACH 1,0 2SOOOD.OD 150000.00 Z5ODOO.O0 

PERCiNT TOTAL DIRECT COST IN ACCOUMT 19 = 1.352 ACCOUNT TOTAL** BOOQOO.DO 


12000.no 

15CCDC.DD 

152000.00 


»ROCESS WASTE SYSTEMS 


20. 1 BOTTOM asm 

TPH 

.0 

.00 

.00 

.00 

.00 

20. 2 DRY ASM 

TPM 

.0 

.DO 

.00 

.00 

.00 

2D. 3 NET SLURRY 

TPH 

.0 

.00 

.00 

.00 

.00 

20. 4 ONSITE DISPOSAL 

ACRE ■ 

• 0 

7575.43 

11070.89 

.00 

.00 

PERCENT total DIRECT 

COST IN ACCOUNT 

20 = 

.000 ACCOUNT 

TOTAL** 

.00 

,00 

STACK OAS CLEANIWe 
21. 1 PRECIPITATOR 

EAC-4 

.3 

.10 

.00 

.00 

.00 

21. 2 SCRUBBER 

KUE 

.0 

20.45 

8.82 

•00 

.00 

21. 3 .mSC STEEL 8 DUO 

TS 

.0 

.00 

.DO 

.00 

.00 

PERCENT TOTAL DIRECT 

COST IN ACCOUNT 

21 = 

.000 ACCOUNT 

TOTAL** 

.00 

•CD 


1 

TOTAL DIRECT COSTS** 70246137.00 21190281.25 
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Table 7.17 - RECUPERATcT I-ELIUK CLOSED CVCLE G T ' VrTEKSLPP ARY FLAXT RESULTS 
Continued 


-.j 

1 

h- 

o 

vO 


oarahetric point 

TOTAL CAPITAL COST *MS 

P PRESS HE FURNACE fK$ 

L PUMP UP 3T-GEN iMS 

A HELIUM CAS TURE-CEN t«$ 

N PUHP UP recuperator 8 PIPING 

T HELIUM RECUPERATOR fi. PIPING 

R TOT MAJOR COMPONENT COST »MS 
E TOT MAJOR COMPONENT COSTt$/KWE 
SUALAJICE OF PLANT COST .i/KWE 
U SITE LABOR 
L TOTAL DIRECT COST 
T indirect COSTS 
PROF g OWNER COSTS 

e contingency cost 
R escalation cost 

E INT DURING CONSTRUCTION 

A TOTAL CAPITALIZATION 

K COST OF ELEC-CAPITAL »HILLS/KHE 
D COST OF ELEC-FUEL .HILLS/KWE 
0 COST OF ELEC-0P8MA1N »HILLS/KWE 
W TOTAL COST OF ELEC *HILLS/KWE 
N COE n.s CAP- FACTOR tMILLS/KWE 
COE D.o CAP. FACTOR .KILLS/KWE 
C0E,1,2XCAP. COST »KILLS/KWE 
COE l.RXFUEL COST t.MILLS/KWE 
COE ( CONTINGENCY=EJ tMlLLS/KWE 
•COE (ESCALATION=D» iMILLS/KHE 


*1-/KHE 
.S/KME 
rl/KWE 
iS/K«E 
f$/KWE 
f a/KWE 
t$/KHE 
jS/’KWE 


’ARAHETRIC poi.nt 

total CAPITAL COST 
P PRESS HE FURNACE tMS 

L PUMP UP GT-CEN fMi 

A HELIUM GAS TURC-3EN jMS 

N PUMP UP RECUPERATOR 8 PIPING 

T HELIUM RECUPERATOR 8 PIPING 

R TOT MAJOR COMPONENT COST .MS 
E TOT MAJOR COMPONI.NT COST*S/KWE 
S BALANCE OF PLANT COST »S/KWE 
U SI-TE LABOR fS/KME 

L TOTAL DIRECT COST r$/KHE 

T INDIRECT COSTS fS/KHE 

PROF e OWNER COST.*: i$/K«E 

CONTINGENCY COST .S/KKE 

ESCALATION COST r$/KHE 

INI DURING CONST.RUCTION >S/KKE 


total CAPITALIZATION 


»*/KHE 


COST OF ELEC-CAPITAL fMILLS/KWE 
COST OF ELEC-FUEL *HILLS/KHE 
COST OF ELEC-OpgHAIN»MILLS/KHE 
TOTAL COST OF ELEC »HILLS/KWE 
COE 0-5 CA°. FACTOR .MILLS/KWC 
CCE n.2 CAP. FACTCF tMILLS/KWE 
COE 1.2XCAP. COST rHILLS/KWE 
COE 1.2XFUEL COST *HILLS/KVIE 
COE fC0NTIM5ENCY=a) .MILLS/KWE 
COE (ESCALATION=r> tMILLSZKWE 


1 

2 

3 

4 

r 

6 

7 

g 

15R.52 

143,45 

142.30 

132.67 

191.17 

176.55 

170. 62 

161-16 

12.630 

1 2 .44 0 

12.3DC 

12 .060 

24.380 

23 ,64G 

23 .330 

2:.4BC 

7.410 

7.41D 

7-41D 

7.410 

7.410 

7.410 

7.410 

7.410 

iG.aso 

23.BS5 

11.77C 

10.430 

13.760 

13 .070 

12 .480 

11.49C 

3. zei 

3.2G1 

3.261 

9.261 

3.261 

3.261 

3,261 

9.261 

13.13D 

1C .920 

9.53C 

S.llD 

14.830 

9 .550 

9 .410 

7.00 C 

3i , 371 

^2. 316 

50-271 

47.271 

SS.641 

62.931 

60.741 

57.641 

ISl .C&l 

1 2S.007 

133-C54 

203.473 

21',2E6 

1£3 .531 

191 .483 

196.37c 

oZ. xzz. 

53 ,.3.42.. 

. 53.153 

52.4,02 

.5.5-295 

52-630 

52 .0 31 

52.608 

6C.2S5 

53 .186 

6G.165 

65.565 

65.694 

61 .921 

61 .855 

64.I6B 

320, 4G3 

307-534 

3D&.373 

331.447 

336.274 

303.132 

305.513 

313.146 

30.746 

3C.1S5 

3C.G34 

33.438 

33.5D4 

31 .580 

31 .597 

32.725 

2a-A3 7 

24. &02L 

24.S7B 

25.S1G 

26.902 

24.651 

24-441 

25.052 

24.035 

23 .022 

22.365 

24 .343 

25.560 

23 .434 

23 .174 

23.56 C 

73.194 

70.101 

63.635 

73.032 

73.930 

72.610 

71.695 

72,432 

82.892 

75 .361 

7B-7R8 

B2.2S3 

as. 761 

82 .5 3 3 

SI .435 

S2.106 

556. 962 

534.005 

535.164 

5 71. ,065 

530.982 

542.933 

537.365 

549.021 

17.607 

16.306 

16.918 

1G.C53 

IE. 692 

17 .163 

17 .C03 

17.356 

29.285 

29.933 

31.354 

35.890 

26.311 

25.641 

2G-27S 

28.401 

.543 

.543 

.543 

.548 

.548 

.549 

.548 

.543 

47.. 433 

47.29B 

43. 320 

5.4.400. 

45-542 

43.352 

43.327 

46.305 

F2.5S3 

■■2 .471 

54-CC7 

60 .008 

51.253 

45 .613 

49 .C?9 

51.623 

44.0F4 

44.043 

45.573 

51.021 

41 .964 

40.050 

40.564 

42.975 

IC.S61 

rr .666 

52.2C2 

E8.CR1 

4S.27S 

46 .785 

47 .227 

49.776 

3 3. 2 3o 

7 ^ ^ 3 4 

55.031 

S1.6SS 

50.304 

4S.4S1 

49.0 32 

51.935 

4C.3G4 

46 .278 

47.615 

'3.423 

44.411 

42 .31F 

42 .S03 

4E.26E 

44. 731 

44.742 

45.293 

51.340 

42.664 

40.706 

41.216 

43.672 


3 

IP 

11 

12 

13 

14 

l"v 

, 16 

2F3 .93 

~9C.31 

234 .13 

22C.S7 

197 .03 

2 2 4 .71 

149 .29 

221 .B C 

S”. 340 

io.noo 

4a. j9C 

4e.35‘J 

23.540 

37.570 

22.330 

23 .360 

7.410 

7.41C 

7.41C 

7.410 

7.41C 

7 .41C 

7 .41C 

7.41 C 

13. 310 

13.500 

13.141 

12.4QG 

11.610 

15.220 

11-530 

13.9oC 

2.261 

5.261 

S.2E1 

9.261 

4.122 

IS .£65 

4 .122 

IS. 565 

17. 920 

14.210 

3.310 

6.450 

5.360 

33.420 

3.320 

21 .030 

act .641 

'4.3S1 

S7.012 

81.891 

92.542 

113 .1 £5 

EC .122 

95 .269 

I?C. 355 

264.243 

246.213 

243.346 

132.537 

326.313 

167.013 

2SD .3o3 

91.226 

48 .31 S 

48. 157 

43 .259 

57,046 

93 .860 

53 .975 

51.545 

• IG. 330 

Cl. 305 

73.224 

73.453 

63.341 

36.236 

59-602 

69.106 

424.571 

2'4 .466 

272.9:= 

370 .063 

502.724 

46E ,«C S 

2 SC .995 

371. 4ES 

44.054 

41.465 

3-1. 394 

4C.D13 

32.304 

43,331 

30.337 

35.244 

73.9F9 

.557 

29.SC8 

'9 .Ef 5 . 

24.Z1L 

27 ,353 

29 .443 

29.717 

3X. 346 

■’0.297 

23.535 

25.244 

22.732 

35.744 

21-160 

23.331 

1D1.E43 

94 .889 

89,979 

32.172 

69 . 8S® 

110,661 

65 .284 

87.763 

115. 776 

1C 'j. 127 

102.046 

1GD.322 

73.194 

123.337 

74.190 

99-376 

751 .561 

7DC .799 

CG2.9C7 

69£.42G 

971.091 

'2C .644 

4=4 .145 

692.441 

23.730 

22.154 

20.343 

70.751 

16.7B3 

"’5.942 

15,621 

20.625 

23.770 

23 .335 

23.538 

24.774 

28.936 

2 4 .C6S 

27 .732 

Z4.EZZ 

. 54B 

.543 

.543 

.543 

.543 

.343 

.548 

.543 

48.10? 

4t .C3E 

45.C7S 

46.0 73 

4F.271 

9C .9 = 6 

42 .951 

45.695 

357 

'2.7.14 

51.473 

52.410 

51 .41 3 

5d.450 

43.743 

51 .994 

4, .573 

41 .£0® 

41.C7E 

42 .1C7 

42.C49 

49 .617 

4C .947 

41.753 

5''. 566 

'r.4S7 

49.263 

50.223 

43.629 

55.744 

47.075 

49.320 

52.362 

£C .7C3 

49,757 

51. 029 

52. CSS 

55 .369 

4S ,507 

SC>539 

43. 661 

44.SB3 

43.303 

44.320 

45.272 

43.363 

43.013 

44.435 

44.3=7 

42 .571 

41.3C3 

42.697 

42.732 

46.916 

41 .973 

42.493 
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Table 7.17 •- RECUPERATED KCL lUK CLCIsED CYCLE 6 T YSTEMSUMHA RY PLANT RESULTS 
Conclnued 


«vj 

J 


o 


fapamethic point 

TOTAL CAPITAL COST tM$ 

P PRESS He furnace tKS 

L PUMP UP ST-GEN .MS 

A HELIUM GAS TU.RB-GEN tMS 

N PUMP UP RECUPERATOR 8 PIPING 

T HELIUM. R.ECUPERATOR 8 PlPHiB 

P TOT MAJOR COMPONENT COST . fHi 
E TOT MAJOR COMPONENT COSTtS/KHE 
S BALANCE OF PLANT COST t*/KWE 
U SITE LABOR tS/KME 

L total direct cost t®/KHE 

T indirect costs i*/KWE 

PROF S OWNER COSTS fS/KWE 

B CONTINGENCY COST tS/KWE 

P ESCALATION COST »*/KHE 

E INT DURING CONSTRUCTION iS/KWE 
A TOTAL CAPITALIZATION »S/KWE 
K COST OF ELEC-CAPITAL iHILLS/KWE 
0 COST OF ELEC-FUFL »MILLS/KWE 
0 COST OF- ELEC-0PSHAIN*HILLS/KWE 
W TOTAL COST OF ELEC tMILLS/KUE 
N CCE 0.5 CAP. FACTOR »MILLS/KHE 
COE C, CAP. FACTOR fWILLS/KHE 
!• 23<CAP . COST - 


COE 

COE i.IXFUEL COST 


tHILLS/KHE 

iMILLG/KWE 

COE ( C0NTINGENCY=CJ tMILLS/KWE 
COE tE5CALATI0N=D» tMILLS/KWE 


17 

16 

IS 

CC 

21 

2.7 

23 

24 

i'ts.ai 

213.21 

140.32 

135,02 

257. 90 

253.05 

235.32 

223.34 

21.620 

’3.4GC 

22.140 

20.700 

SO .ISO 

44 .£50 

SC .ISC 

35.00 r 

7.410 

7.41D 

7.410 

7.4f0' 

6.630 

7.460 

6.630 

3.620 

11.54G 

13.030 

11.050 

11.720 

16.040 

15.2CC 

12 .860 

14.590 

4.122 

13.585 

4.122 

19.565 

7.722 

7.722 

.000 

.000 

3 .S30 

IS. 2 SO 

3.0SO 

15.340 

10.540 

IG .5 70 

9. 430. 

IC.ZSC 

45.222 

n. 755 

47.812 

74.735 

91.572 

55,302 

79.160 

72-490 

1G4.222 

24S.9E7 

167. 71S 

251. OCl 

272. G3B 

259. £75 

27S.C2G 

227.154 

52.991 

51.533 

53.245 

53.062 

73.290 

73.072 

34-396 

79.430 

59.333 

70.130 

6D.4C3 

71.414 

95*465 

95.5E5T 

107, 7er 

“ 3S.'26B 

276.265 

371.679 

231.365 

375.476 

450.394 

433.512 

470.204 

335.912 

30 .081 

35.766 

3C.BCS 

3£ .421 

50.727 

4£ .738 

S4 .£68 

45.527 

•22.1D1 

23-734 

22.503 

30.03S 

35.032 

34.6.31 

3 7., 61 6 

31.673 

.20.830 

'’3.294 

21.105 

22.2S4 

34.0GB 

32 .729 

34 .£57 

29.785 

>E4.332 

37.249 

64,963 

36.534 

105.394 

101.558 

107.379 

92.323 

73.021 

6S.1SS 

73.5S2 

5s.ise 

120.197 

115.222 

121 .355 

104.651 

436. SSI 

651.3DJ3 

494.330, 

554.333 

737.309 

788.440 

326,473 

693.371 

15.335 

20.ece 

15,627 

20.708 

25,205 

24 .229 

26 .127 

22.124 

27.325 

25.487 

29.239 

27.998 

3. 373 

3.521 

9.830 

8.814 

.548 

.548 

.548 

.548 

1.84 9 

1 .£71 

2 .CS2 

1.917 

43.7SS 

46.641 

4S-414. 

49.251 

35.432 

34.621 

.33.089 

• 32.856 

43.435 

62.537 

5C.213 

55.575 

42.104 

42 .CCl 

46 ,E33 

33.604 

40.739 

42.704 

42.409 

45.234 

30.631 

30.003 

33.115 

23.633 

“C. .C35 

FC .76 5 

4E.539 

= 3 ,393 

4G .473 

39 .466 

43 .314 

37.2S1 

«S. 323 

'1.740 

51.262 

54,351 

37,107 

35,325 

4C.D8S 

34.618 

42.B41 

45.391 

44.4S7 

4B.QG6 

33.928 

33.178 

36 .£61 

31.545 

41.417 

43.483 

43.054 

46.103 

31.578 

30.326 

34.136 

29-500 


°ARAHETRIC point 

total capital cost t^’S 

P PRESS HE FURNACE »f'S 

L PUMP UF CT- CEN 

A HELIUM 3AS TURE-GEN .Mt 

N PUMP UF RECUPERATOR P PIPING 
T HELIUM RECU.^tRATOR 8 PIPING 

P TOT MAJOR COMPONENT COST rM$ 
TOT MAJOR COMPONENT COST.S/KWE 
■ ‘ .*/KWE 


fS/KHE 
f$/KWE 
f$/K WE 
.S/KWE 
tS/KKE 
5/KWE 


S BALANCE OF PLANT COST 
U SITE LABOR 

L total direct cost 
T INDI.RECT COSTS 
PROF 8 owner costs 
CONT iNSiNCY COST 
ESCALATION COST 

O.CpiT OF ELEC-OPfiMAINtMILLS/KWE 
W TOTAL COST OF a EC tMILLS/KUE 

m g:i n?i \mim 


8§l lU} 


25 

26 

27 

23 

29 

30 

31 

32 

220 , £2 

7 SC. IS 

234. E3 

236. £7 

273 .22 

372.59 

276 .31 

Z55.be 

4«. 3.50 

43.120 

41.530 

42,790 

53,120 

Tie -’070 

S3,S30 

52.330 

7,4f P 

C .79C 

c .790 

r.720 

6.730 

6.72C 

e.79G 

6.79 C 

13.370 

1 9.231 

IB, 770 

IB.OBD 

21.290 

20.320 

22.010 

20 .421 

.000 

...GCG 

.QCC 

.000 

•..000 

,00.0 

.toe 

.00 c 

?.940 

12.200 

12,030 

11.760 

12.930 

12. 600 

13.800 

12.630 

7C .12C 

;i.341 

79.126 

7S.4CC 

£3,1.40 

E6.6 6C- 

1C2 .280 

32.671 

345,603 

’ J5. 312 

229.330 

235.252 

25S.1S4 

Z 51 .1 66 

23G.364 

252 .751 

30.017 

ei.GGS 

72.417 

75.402 

55.9GG 

ISO.VSf 

■■'60 .731 

'57.135 

98. 075 

"0.796 

32.963 

96,179 

92.603 

155.636 

36.493 

31 .702 

421.654 

4C7.753 

3SS.211 

346 .333 

■?cij 7FS 

E£7 .648 

42S .C3Z 

391. G4B 

4i. 393 

46. 305 

42.311 

42,332 

"42ll30 

73,400 

44.114 

41 .663 

■: .736 

. C ^ 3 

3C.S17 

•1,747 

21 .SSI 

47 ,812 

34 .247 

31 .332 

31. 627 

.10.340 

29,214 

30.039 

3C.S37 

45,529 

32.357 

30-1 73 

97.859 

SG.515 

9C.32S 

S3 .308 

£6. €46 

144.692 

1G3 .255 

94.343 

IID, 340 

109.840 

103.169 

a05.934_J10,33S 

1G4.533 

117..7 36 

103.165 

744 .755 

723,807 

631.552 

7C1 .312 

7CE.0371 

C7£ ,619 

780 .401 

637. S2B 

23.543 

22,831 

21.545 

22.136 

22.321 

34.123 

24,033 

22 .060 

2.076 

S.7CZ 

s.ei 2 

3,942 

27.547 

9.41C 

28 .733 

28.555 

1.9S7 

1.B99 

.302 

.,940 

.545 

3.533 

.543 

.543 

34 .577 

73.4S3 

31.260 

32 .0 75 

EC. 416 

4 7 .C72 

51 .224 

45.163 

41.751 

40.45B 

37.9 3.5 

33,342 

57.223 

57,423 

53.647 

55.332 

'c .crs 

: s.iis 

27.145 

27,841 

46 ,156 

4C .£££ 

4C .742 

44 .552 

32.235, 


35.563 

36.513 

54.330 

53.393 

56.131 

53.575 

36 .392 

35,223 

33.C22 

33^365 

5£ .925 

4 9.954 

SO .171 

54.474 

3T.1S3 

32.115 

29.969 

30.749 

49.049 

45.0SS 

49.8S5 

47.317 

31 .022 

29.967 

27.952 

28.679 

46.S7E 

41.7S7 

47 .£50 

45.896 



Table 7.17 - RECUPERATED HELIUM CLCEEC ("YCLC C T VE T FKELMM ARY. FL.ANT REJLLT^' 
Continued 


vi 

I 


parametric point 

TOTAL capital cost *H« ' 

P PRE..SS HE FURN'ACE 
L PUMP UP CT-6EN tMS 

A HELIUM GAS TURB-GEN tM$ 

N PUMP UP RECUPERATOR 8 PIPING 
T HELIUM RECUPERATOR & PIPING 

R TOT major component COST tMS 
£ TOT MAJOR component C0ST»S/KHE 
S BALANCE OF PLANT COST ’S/KHE 
U SITE LABOR »S/KWE 

L TOTAL OIRECT COST t*/KWE 

T INDIRECT COSTS fS/K«E 

PROF s OHNER COSTS tS/KWE 

B CONTINGENCY COST »S/KWE 

R ESCALATION COST tS/KME 

E INT DURING CONSTRUCTION iS/KWE 
A TOTAL CAPITALirATlON tS/KWE 
K COST OF elec-capital .HILLS/KWE 
0 COST OF ELEC-FUEL *MILLS/KHE 
0 COST OF ELEC-OPSM AIN rHILLS/KRE 
M TOTAL COST OF ELEC »HILLS/KHE 
N COE 0-S CAP. FACTOR »HILLS/KWE 
COE 0.3 CAP* FACTOR tMILLS/K’rfE 
COE 1.3XCAP. COST .HILLS/KWE 
COE 1-2XFUEL COST .MILLS/KME 
COE t CONTINGENCYrOl .HILLS/KHE 
COE JESCALATION=0> »HILLS/KHE 




34 

35 

36 

37 

3° 

V 

c 

40 

?zs 

• RD 

226.79 

242-57 

2E3.24 

2S1.2S 

244.54 

25 


251-18 


lEQ 

4f .34C 

4S.74C 

54 ,4 30 

61 ,120 

5C ,S4D 

51 

*C 1 L 

51 

,D1 c 

s* 

7 3D 

6.790 

5.730 

6 .TOD 

6.730 

6.7,9 0 

6 

.7 90 

6 

.790 


21D 

1'^ .0 3C 

IS. DSC 

21 .3 71 

IS. 220 

20 .ESO 

20 

.421 

20 

.421 


□ DD 

.000 

.000 

.000 

.000 

.000 

12 

.000 


.000 

ll\ 

.130 

S ,4.70 

12.150 

12 ,350 

12,680 

12.5SC 

.G3G 

12 

.63 C 

36. 

23D 

P.2.190 

C7.7S0 

95.541 

90,410 

91.170 

30 

.351 

30 

.351 


333 

25° .564 

243 . CE 6 

253.366 

265.557 

23° .233 

249 

.071 

250 

,437 

Sb. 

463 

S9.451 

57.002 

53.066 

37.354 

43,179 

57 

.377 

57 

.57C 

72. 

347 

34.967 

SG.613 

S3 .266 

' S2.0S1 

72 .£72 

80 

.565 

ac 

.939 

37S. 

754 

401.992 

335. BSD 

400.133 

435.502 

360. 23£ 

337 

.013 

333 

.947 


773 

43.333 

41.113 

42 .466 

41.S67 

37 .16° 

41 

.033 

41 

.279 

30. 

3S0 

32.159 

30.354 

32.016 

34.340 

28.B24 

30 

-961 

31 

.116 


153 

ir.srs 

ES.GOD 

30 .855 

33.3S3 

27 .£52 

25 

.£00 

29 

.531 

31. 

423 

'■4.756 

92.747 

37.027 

103. £37 

37.576 

33 

.603 

93 

.971 

• 

175 

107.649 

lC5.eS2 

lie .677 

11 2. 106 

£2 ,965 

ICG 

.741 

3C7 

.139 

f 75. 

654 

71D.393 

63S.6G3 

713.233 

76V .335 

641.631 

659 

.210 

692 

• 3 83 

21* 

353 

22.457 

21. £75 

22.547 

24.25S 

2D.2BS 

21 

.737 

21 

.333 

27. 

453 

30.S37 

27.526 

26.336 

23.601 

25.552 

26 

.650 

26 

.795 


543 

.54B 

.543 

,548 

.548 

.943 


,548 

49 

.548 

43.* 

37 D 

52.642 

43.749 

43.441 

53.407 

46.355 

43 

.936 

.230 

55. 

ROC 

CO-491 

56.363 

56.556 

EC.7E7 

52.5S2 

55 

.633 

ES 

.506 


23|5 

49,357 

'*5.611 

45.173 

43,734 

42.507 

44 

-3 26 

4S 

.052 

E?. 

643 

55 .134 

F4.C3S 

53 .35C 

C C cc 

5C .442 

cz 

.343 

5 3 

.609 

54. 

3G2 

. 9.770 

So. 265 

S4o7S9 

59,123 

51.436 

54 

.316 

54 

.539 

4r • 

.073 

':r.'.2°4 

43.433 

46 .105 

51.S23 

45 .141 

4? 

.652 

47 

,3S7 

4C. 

030 

■0,191 

46.362 

45,933 

43-622 

43.131 

45 

.564 

4S 

.796 


H 


parametric point 

TOTAL CAPITAL COST »MS 

P PRESS HE FURNACE »MS 

L PUHP UP GT-CEN .ms 

A HELIUM GAS TURP-GEN .MS 

'N PUttP UP RECUPERATOR 8 PIPING 

T HELIUM RECUPERATOR S PIPING 

R TOT MAJOR COMPONENT COST »M$. 

E TOT MAJOR COMPONENT COST.S/KWE 
S balance of plant COST .S/KWE 
U SITE LABOR .S/KWE 

L TOTAL DIRECT COST 
T INDIRECT, COSTS 
OROF g OWNER COSTS 
a CONTINGENCY COST 
R ESCALATION COST 

K COST OF ELEC-CAPITAL .MILLS/KWE 
0 COST OF ELEC-FUEL ' .KILLS/KHE 
a COST OF ELEC-OPSHAIN.MILLS/KWE 
H TOTAL COST OF a EC .KILLS/KHE 
N COE 0.5 CAP- FACTOR .MILLS/KWE 
COE 0*3 CAP. FACTOR .HILLS/KWE 
COE 1.2X£^P. COST .HILLS/KHE 
COE 1.2KPUEL COST .MILLS/KME 
COE C CONTI N3ENCY=0T .MILLS/KME 
COE lESCALATlOMrO) .HILLS/KWE 


»$/KWE 

.S/KHE 

.S/KWE 

.S/KUE 

.S/KWE 

.S/KHE 

r$/KU{ 


41 

42 

43 

44 

45 

4S 

47 

43 

249.20 

"4 7.F £ 

2fC .9E 

245 . E2 

22° .37 

242 .40 

26 8 .2 3 

262 .32 

51.2C0 

?1 .43D 

57.230 

53.530 

49.6SCJ 

51 .010 

51 .QIC 

55.490 

C.730 

E .,7 S 0 

f.79C 

i .7«0 

E.7 9(j 

E .7«C 

t .790 

.00 0 

2D. 150 

1 o 3 

19.S20 

19.670 

17.140 

17.356 

24,330 


.000 

.occ 

• QCO 

.000 

.000 

• COO 

.000 

7 ,65 c 

11. 930 

11.500 

11.050 

3.670 

2.940 

10,910 

16-070 

1 3. 430 

SC .liC 

P« .650 

94.740 

86.G6D 

£2.5°ri 

£E .£££ 

'£ .'00 

££.250 

252. 360 

2'>'3, 634 

245.634 

240.441 

246.971 

236.373 

267 .831 

271 ,977 

58 .21 9 

5£ .933 

51.764 

52.452 

54. 704 

££ .CEO 

ei .466 

54 .90 7 

E2.077 

°4.5D6 

30-444 

79.934 

33-002 

73.936 

32 .628 

36.325 

193 .255 

4P4 .073 

277‘.aS2 

372.306 

184.677 

370 .3F8 

411 ,$25 

413.303 

41. 359 

«*' .093 

41.027 

40i7G6 

42.3 31 

40.257 

42,140 

44.332 

31 ,4t r 

■i ■ .320 

.231 

2S.S2C 

70.774 

:° .C2S 

32 .£54 

33 .105 

30. 2C5 

;t. »35 

2-J.26S 

23.740 

2 3.340 

23.534 

31.735 

31 .036 

94. esc 

*•£ ,7? £ 

£2 .ESI 

90.5°S 

91.741 

88 .££3 

£8 .430 

£5 ,345 

107. 91 5 

110,136 

105.731 

103.339 

104.365 

102.474 

113.396 

107 .992 

Bgs.JS't 

717.303 

E76.731 

see. OSS 

ESI. 237 

E61 .115 

731 .ESC 

72E .617 

22. 103 

22.576 

21.333 

21,057 

21.529 

20.333 

23.127 

22 .333 

27.329 

2£ .2C5 

25,250' 

26. 405 

29.126 

2£ .555 

26 .555 

27 .296 

. 543 

.543 

.548 

.543 

-54B 

.548 

.543 

.543 

40.985 

51 .4 2'B' 

47.1S1 

4 3 .010 

91,273 

4£ .002 

9C .230 

9C.7S2 

56.723 

53.343 

53.720 

54.433, 

57.364 

54.333 

57.279 

57.775 

45.765 

47.102 

41.105 

43.ssr 

47 .148 

44 .CC8 

4$ .£1° 

4E .406 

54.407 

"S . 964 

51.470 

52.221 

55-593 

52.132 

S4.3SS 

5 5 .37C 

5'5.451 

57.065 

52.241 

S3. 291 

57.093 

53 .313 

5fc .941 

£6.241 

43.641 

50.054 

45,333 

46.723 

49.972 

46.730 

43.315 

49.419 

46. 520 

47 .BSB 

42.8C3 

44.688 

47.827 

44 ,718 

40 .595 

47.318 



Table 7.18 


combined AlR-HELlUH-STEflH TURB CYCLE SUMMARY PLANT RESULTS 


PARAMETRIC POINT 


1 

2 

3 

* 

5 

6 

7 

8 


TOTAL CAPITAL COST 


14S.2A 

13*. 31 

123.2* 

158.00 

168.4* 

170,33 

217. IS 

217.22 

P 

PRESS HE FURNACE 

tM$ 

10,520 

10.720 

10.880 

18.760 

19.160 

Z2.1GG 

37.220 

38.050 

1 

PUMP UP 3T-GEH 

' iM* 

7.N10 

7, *10 

7, *10 

7. *10 

7.410 

7.413 

7. *10 

7.410 

A 

HELIUM GAS TURB-6EN tHS 

R.920. 

6.080 

7,250 

5,880 

6,700 

7.370 

6,*8Q 

7.110 

M 

STEAM TURBINE-SEME 

RATOR 

3. AW5 

7.137 

5.029 

3.483 

7.910 

7.200 

8.645 

8.209 

T 

PUMP UP REC VAP GEN tH$ 

B.2G0 

1.620 

l.*5D' 

3.5*0 

3.220 

2.070 

4.64Q 

3.99fl 


HE TURB REC WAP GE 

N »H4 

10. 130 

7.920 

*.360 

9.260 

6.500 

8.290 

6.950 

6.770 

R 

TOT MAJOR COMPONENT 

COST fH$ 

AA.G55 

*1.D67 

37.379 

52.333 

52.300 

E4.52C 

71.3*5 

71,539 

r 

TOT MAJOR COMPONENT 

C0ST**/KHE 

127.3*3 

123.799 

tl9.1'9l' 

135.558 

137.7*3 

1*6,175 

170.525 

171.416 

s 

BALANCE OF PLANT COST »$/KHE 

A7.544 

*7.1*7 

*8.180 

*5,756 

*5.168 

*5.223 

**.*87 

**.4*5 

u 

SITE LABOR 
TOTAL DIRECT COST 

fS/KUE 

52. 833 

51.12S 

*9.351 

54,792 

55.175 

57.211 

64.987 

65.0*8 

L 

»$/KWE 

227.776 

222.060 

216.723 

236.106 

Z38.C87 

2*6.610 

279.999 

280.911 

T 

INDIRECT COSTS 

»S/KWE 

25.373 

26.073 

25^159 

27.34* 

23.140 

29.178 

33.1*3 



PROF 8 OWNER COSTS 

»$/KHE 

16.222 

17,765 

17,338 

18,883 

13.0*7 

Is.ees 

22.4D0 

3 

CONTINGENCY COST 

t*/KWE 

13.0*5 

17. *35 

16.359 

18.901 

19.0*7 

19.823 

22.611 

22.677 

R 

ESCALATION. COST 

rS/KH£- 

58.6AI. 

. 56.485 

5*-**l 

61.95*L 

62.393 

6*. 715 

74.6S3 

7*.8*o 


INT DURING CONSTRUCTION »*/KUE 

S7.379 

5*. 799 

62.3*2 

71.376 

71.869 

74.478 

86.217 

8S,*i8 

520.49* 

A 

TOTAL CAPITALIZATION 

»$/KUE 

A17.0A3 

*0*.657 

392.972 

*35.170 

*38.583 

*56.692 

519. C31 

< 

COST OF ELEC-CAPITAL 

tMXLLS/KHE 

13.13* 

12,792 

12. *23 

13.757 

13.365 

14.437 

16.408 

16.45* 

D 

COST OF ELEC-FUEL 

»MILLS/KHE 

23,766 

25.118 

26.563 

21.588 

21.708 

22.350 

19.924 

13.975 

0 

COST OF ELEC-OPSHAIN»HILLS/KHE 

. 61* 

.602 

.596 

.606 

.602 

.597 

.603 

.600 

w 

TOTAL COST OF ELEC 

•MILLSy'KwE 

37.5G3 

38.512 

39.602 

35.951 

36,175 

37.38* 

36,935 

37.029 

1 

COE 0.5 CAP. FACTOR 

»MILLS/KM£ 

*1. G30 

*2, *61 

*3.**0 

40.139 

*0.446 

*1.626 

41.969 

*2.076 


COE 0.8 CAP. FACTOR 

»HILLS/KHE 

35.017 

3G.D33 

37.198 

33.237 

33.501 

34.6C2 

33.784 

33.869 


COE 1.2XCAP. COST 

fMILLS/KWE 

*0.230 

*1.070 

*2.087 

33.702 

33.9*3 

*0.271 

*3.217 

40.320 


COE 1.2XFUEL COST 

.HILLS/KWE 

*2.317 

*3.536 

**.913 

*0.268 

*0,517 

*1,65* 

4C,520 

41 .02* 


COE 1 CONTlN3ENCr=3 ) 
CpE (ESCALATIOK^O) 

»HILLS/K«E 

35. 7*5 

37.723 

33.339 

35.083 

35.307 

36, *33 

35.893 

35.990 


.KILLS/KUE 

35.405 

2G.43G 

37.605 

33.665 

33.873 

3*,9S8 

3*. 175 

34.2G2 


PARAMETRIC POINT 

9 

ID 

11 

12 

13 

1* 

15 

16 


TOTAL CAPITAL COST ,M4 

217.52 

131.2* 

171.93 

240.13 

166.29 

171.71 

170.86 

172.66 

P 

PRESS HE FURNACE >M$ 

39.710 

13.160 

28.9*0 

*9.680 

18.860 

1S.4 8C 

18.800 

20.280 

L 

PUMP UP 3T-SEM »M$ 

7. *10 

7. *10 

7.460 

3.730 

7.410 

7.413 

7.410 

7.410 

A 

HELIUM GAS TURB-eEN ,MS 

8. 090 

6.700 

8.580 

H.13D 

6.670 

6.7ED 

6.990 

7,3 In 

N 

STEAM TURgiNE-SEMERATOR »K* 

7.337 

*. 646 

6.141 

7.710 

7.710 

3.13* 

7.411 

7.486 

T 

PUHP UP REC VAP GEN «H$ 

2. 900 

.000 

.000 

.000 

3.270 

3.13G 

3.500 

4.060 


HE .TUR9 REC VAP GEN *M$ 

7.170 

4.610 

6.500 

8.750 

7.990 

9.100 

8-270 

7,i80 

R 

TOT MAJOR COMPONENT COST fHS 

72.617 

*2.526 

57.621 

84,060 

51.310 

54.C1* 

53,381 

53,926 


TOT MAJOR COMPONENT COST.S/KWE 

179.156 

1*4.462 

153.330 

221.053 

135.830 

139.755 

137.153 

137.195 

s 

BALANCE OF PLANT COST tJVKME 

*4.372 

4S.*87 

*5.508 

*5.50* 

45.798 

45,728 

*5.672 

46.021 

u 

SITE LABOR t$/KW£ 

66.834 

56.097 

62.259 

7r.39* 

54.696 

SS.6tf6“ 

"55.22t 

55.287 

L 

TOTAL DIRECT COST »$/KWE 

29D.412 

247,047 

276.698 

3*3,951 

236.323 

241.151 

238.051 

238.503 

T 

INDIRECT COSTS tS/KUE 

34.111 

23.611 

31.752 

39.471 

27,895 

28.391 

28.165 

28.197 


PROF S OWNER COSTS »S/KWE 

23.233 

19,76* 

22.136 

27,516 

18.306 

16.292 

13,0*4 

19.080 

3 

C0NTlN6g,NCY COST , $/KUE 

23. 355 

19.193 

21.3*3 

27.487 

13.835 

19.305 

13.073 

19.128 

R 

ESCALATION COST ,4/KWE 

76.862 

61.229 

70.595 

89.716 

61.859 

63 .257 

62.565 

62.790 


INT DURING CONSTRUCTION , t/KBE 

33.672 

53.983 

81.032 

103.313 

71.2*3' 

72.878 

72,097 

72.375 

A 

TOTAL CAPITALIZATION »t/KWE 

536.656 

*45.827 

504.061 

631.454 

435.122 

*44.275 

438.995 

440.072 

< 

COST OF"ELEC-CAPITAL»Mr.LS/KWE 

16. 955 

14.09* 

15.934 

19.962 

13.755 

14.0*5 

13.873 

13.912 

D 

COST OF ELEC-FUEL tHILLS/KWE 

2D. 566 

28.318 

26.553 

25 ,eo6 

21.808 

21.569 

21.418 

21.2*9 

0 

COST OF ELEC-0P8MAIN»HILLS/KHE 

.59* 

.58* 

.592 

.601 

.601 

^604 

.606 

•609 

V 

TOTAL COST OF ELEC .HILLS/KUE 

38.125 

*2.996 

43-179 

*6.168 

36.164 

3 £.218 

35.902 

35.770 

S 

COE O.S CAP. FACTOR ,MILLS/KW£ 

43. 325 

*7,335 

46.071 

52.266 

*0.402 

*0.5*3 

*9.177 

*0-05* 


COE O.B CAP. FACTOR »M1LLS/KHE 

34.870 

*0.278 

40.117 

*2.351 

33.510 

33.51C 

33.225 

33.086 


COE l.ZXCAP. COST tMILLS/KWE 

*1.519 

*5.81* 

*5.365 

50.161 

33.915 

39.027 

33.677 

38.552 


COE 1.2XFUEL^C0ST »HILLS/KWE 

*2,239 

*8,659 

48.510 

51.230 

40.525 

4C.532 

4C.186 

*0 ,019 


COE ( CONTI M3 ^Ncy=3) .MILLS/KWE 

37.057 

*2.136 

*2.191 

*4.917 

35.303 

35.338 

35.032 

34-897 


COE IESCALATION=0) .HILLS/KUE 

35.286 

*0.753 

40.583 

42.859 

33.882 

33.88* 

33.593 

33.452 



corresponding summaries for the combined closed-cycle system parametric 
points are given in Table 7.18. For these tabulations, the "Total Major 
Component Cost" entries include pressurized furnace, pump-up gas turbine 
generator, helium gas turbine generator, pump-up recuperator and piping, 
and helium recuperator and piping for the recuperated cycles or pressur- 
ized furnace, pump— up gas turbine generator, helium gas turbine genera- 
tor, bottoming turbine generator, pump— up set vapor generator, and helium 
set vapor generator for the closed-cycle systems. 

The top line of each summary table. Total Capital Cost, repre- 
sents the total capitalized cost for each plant and is made up of the 
folloxv’ing items: total direct major component material costs, balance of 

plant direct material costs, site labor costs, indirect costs, profes- 
sional services and ownership costs, contingency costs, escalation costs, 
and interest during construction costs. 

Also included for each parametric point are cost of electricity 
data including the capital, fuel, and operating and maintenance costs 
components. 

7.6 Analysis of Overall Cost of Electricity 

Cost of electricity (COE) values have been computed for each 
parametric point for both the recuperated closed-cycle and combined 
closed-cycle systems. Summaries for each of these systems, including 
both COE and capital cost, are given in Tables 7.19 and 7.20.' 

Also, for each parametric point, the effect on COE of varia- 
tions in labor rate, contingency, escalation rate, interest during con- 
struction, fixed, charge rate, fuel cost, and capacity factor were 
calculated. The results for the recuperated cycle Base Case A are shown 
in Table 7.21. Similar tabulations for Base Case B and the closed 
combined-cycle base case are given in Tables 7.22 and 7.23, respectively. 

The COE vs Installed capital costs /are shown graphically in 
Figure 7.58 for the recuperated closed cycles and In Figure 7.59 for the 
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COE 0-8 CAP, FACTOR .KILLS/KHE 
COE 1,2XCAP. COST .HILLS/KWE 
COE 1.2XFUEL COST .MILLS/KME 
COE I CONTINSENCT=0 > .MILLS/KUE 
COE tESCALATIOM=CI .MILLS/KHE 


17 


18 


19 


20 


21 


22 

23 

24 

1 Go 

.33 

165 

.15 

161 

.13 

161 

.00 

153 

.47 

158.57 

171.90 

192.67 

18. 

500 

18. 

500 

18. 

500 

18£ 

500 

13. 

160 

IS 

.160 

IS 

.940 

27.XO0 

7. 

410 

7. 

410 

7, 

410 

7. 

410 

7, 

410 

7. 

.410 

8. 


6 .68 0 

e. 

880 

7. 

020 

6. 

470 

6. 

470 

6. 

630 

6 

.520 

6 

.530 

7.78c 

3. 

159 

7, 

G48 

7. 

5S1 

7. 

187 

3. 

009 

3. 

.353. 

8. 


7.561 

3. 

,500 

3. 

660 

4. 

240 

4. 

540 

2. 

170 

1 

.330 

2 

.600 

2.3E0 

7. 

930 

7. 

380 

5. 

520 

5, 

560 

8. 

480 

6. 

.333 

8, 

,740 

10.610 

52. 

.429 

51. 

.618 

49. 

801 

49, 

667 

49. 

8S9 

4S 

.828 

55 

.164 

62.631 

133. 

020 

135. 

835 

131. 

102 

130. 

750 

136. 

iiD" 

133, 

.523 

146: 

.43 3 

1E2.S70 

45. 

.8 77 

45. 

877 

45, 

877 

45. 

877 

45. 

£00 

45 

.664 

45 

.500 

46.224 

54. 

238. 

951 

.848 

54. 

236, 

529 

.232 

53. 

230. 

449 

.R28 

53.550 

230^187 

54.122 

235^32 

S3, 

235 

‘M 

z%%: 

•.^4^1 

62.77 0 
271.354 

23. 

025 

27. 

310 

27. 

259 

27. 

315 

27^02 

27. 

.432 

28, 

.834 

32.013 

19. 

.106 

18. 

.903 

18. 

.434 

18. 

,415 

18. 

.867 

18 

.806 

IS 

.878 

21.7SG 

19. 

034 

13. 

880 

18. 

411 

18. 

392 

13. 

770 

18.718 

19. 

.836 

21. 7» 

52. 

.408 

SI. 

,757 

£0. 

,253 

60. 

,ZC2. 

_61. 

,T6J. 

...£1 

.013 

£4 

.752 

71.2 To 

71. 

asz 

71, 

113 

59. 

381 

63. 

323 

70. 

361 

TO. 

.131 

74, 

.544 


439. 

.335 

434 . 

.756 

424. 

.167 

423. 

.845 

432.600 

431 

.283 

456 
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22.756 

2R 

.672 

22 
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,780 

34 

.862 

34 

.7£2 

37.443 


PARAMETRIC POINT 


TOTAL CAPITAL COST .MS 

PRESS HE FURNACE .MS 

fMJMP up 3T-GEM _ »HS 

HELIUM GAS TURO^GEN .MS 
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PROF 8 owner COSTS . .S/KME 
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25 


26 


27 


28 

29 
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31 
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TOTAL CAPITAL COST «MS 

p PRESS ME FURNACE 

U PUMP UP 3T-SEN »MS 

A NELIUH 6AS TURB-GEN »MS 

N STEAM IUR3rNE-3ENERAT0R .MS 

T PUMP UP REC VAP GEN »HS 

HE TUR3 REC VAP BEN tMS 


R TOT MAJOR COMPONENT COST >H$ 
E TOT MAJOR COMPONENT COST»*/KHE 
S BALANCE OF PLANT COST »S/KUE 
U SITE LABOR rS/KWE 

L TOTAL DIRECT COST »S/KK.E 

t INDIRECT COSTS »S/KWE 

prof S OMNER COSTS *i/KME 

3 CONTINGENCY COST t$/KUE 

^f^^^^5JI^•c«TRUCTrON 

A total CAPITALIZATION »*/KWE 
< COST OF £LEC-CAPrTAL»MILLS/KWE 
D COST OF elec-fuel »HILLS/KWE 
0 COST OF EL£C=^0P8HAIN'»M1LLS/KME 
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N COE 0«5 CAP. FACTOR rNILLS/KUE 
COE 0.8 CAP. FACTOR tHILLS^KHE 
COE l.ZXCAP. COST fMILLS/KUE 
COE 1.2XFUEL cost »HILLS/KWE 
COE tCONTrM3ENCY=3» »MILLS/KHE 
COE IESCALATION=CI »HILLS/KHE 
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40. 630 
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7.410 
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3.034 
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36.409 
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.502 
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3.350 
8. 630 
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138.635 
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19.191 
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13.367 
' 62.139 
71,585 
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40.363 
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35.247 
33.819 
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141.513 
45.695 
56.314 
243,528 
23.720 
1S.482 
19.490 
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14.182 
21.108 
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36.492 
40.858 
33.753 
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34.136 
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r.886 147 i.3 
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7.611 
1.520 
9.380 

78.751 

220.372 

382.648 

45,792 

3C-.612 

30,410 

99.380 

114.270 
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.835 

37 


31. 

146 

23. 

990 

29. 

,761 

27 

.861 

26 

.773 

27 

.481 


150.87 167.26 152.78 220.42 
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4.230 


7.410 
12.880 
3.363 
5. EDO 
5.320 



Table 7.18 , COMBINED AIR-HELIUM-STeaM TURB CYCLE SUMMARY PLANT RESULTS 
Continued 


parahetric point 

TOTAL CA’ITftU COST 
P PRESS HE FURNACE ,M 
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COE ICONTIN3ENOY=3) .HILLS/KME 
COE TESCALATION-O) tMILLS/KWE • 



49 

50 

51 

52 

53 

64 

55 

MS 

304,75 

225.55 

226.33 

172.25 

,00 

.an 

.00 

tMS 

51,210 

23.740 

23.740 

19.160 

.000 

.oco 

.000 

• MS 

5.730 

7.410 

7.410 

7,410 

.000 

.030 

.000 

• MS 

22.221 

12.660 

12.880 

6.700 

.000 

.000 

.coo 

,M« 

3.612 

3.239 

3.353 

6.726 

,000 

.000 

.DOO 

tMS 

4.040 

5.110 

5.800 

7.000 

.000 

.000 

.000 

tMS 

9.350 

4.950 

5.320 

4.990 

.000 

.000 

.000 

MS 

97.233 

57.109 

58.313 

51.386 

.000 

.CCD 

.000 


221.135 
75.802 
73.731 
375.728 
40,183 
3D .058 
30. 531 
1QQ.420 
ItS.lGZ 
693.083 
21.910 
22,150 
.512 
44.E72 
51.3SG 
40.483 
43.054 
43.102 
43.2S8 
4G.953 


143.053 

111.724 
52.D7S 

321.853 
■31.E59 
2S.748 
25. 818 
S3. 450 
9B.195 

584.724 
13. 434 
21.810 

.548 

40.842 

46.299 

37.1C2 

44.333 

44.9E4 

33.454 

37,562 


145.736 
105.923 
59.373 
311 J58Z 
30,535 
24.327 
25.035 
B1.3Q0 
93.303 
567.236 
17.332 
20.843 
.543 
39.322 
44.313 
35.885 
42.308 
43.491 
33.175 
3G.318 


130.154 

51.087 

52.719 

233.359 

26.835 

18.717 

18.303 

61.710 

71.177 

431.259 

13.633 

20.875 

.602 



Table 7.19 - RECUPER ATCD HELIUM CLOSED CYCLE C T 


YSTEMCUMKflRY PLAKT RETCLTE 


PARAMETRIC POINT 

1 


T 

4 

5 

G 

7 

p 

THERMODYNAMIC IFF 

-COD 

.000 

Tdod 

.000 

.000 

.000 

.000 

^000 

POWER PLANT EFF 

. 303 

.711 

.233 

.247 

.327 

.34G 

.333 

.312 

OVERALL ENER3Y EFF 

.153 

.150 

.143 

.125 

.170 

.175 

.170 

.153 

CAP COST MILLION S 

1SS.51S 


142 .304 

132 .GBG 

1C1.172 

1 78 .549 

17C .£16 

lei .155 

CAPITAL C0ST.4/KWE 

55C.9G2 

534.805 

535. 1G4 

571. DG5 

590,932 

542. 938 

537. SGS 

549.021 

COE CAPITAL 

17.S07 

1G.90G 

16.518 

18.053 

18.632 

17.163 

17-003 

17.356 

COE. FUEL 

23.235 

23.333 

31.35A 

35.3aa 

26.311 

25.641 

26.276 

2S.401 

COE OP 8 MAIN 

.5«(S 

.549 

.£46 

.548 

.546 

.£49 

.548 

.546 

COST OF ELECTRIC 

R7.439 

47.238 

43-820 

54.430 

45.542 

43.352 

43.827 

46.305 

EST TIME OF CONST 

4.500 

4.4S6 

4.447 

4.345 

4.601 

4.605 

4.595 

4.524 


PARAMETRIC POINT 

9 

10 

11 

12 

13 

14 

15 

16 

lUEJRMODYNAMIC EEf 
POWER PLANT EFF 

.□00 

.373 

.000 

.350 

'.m 

-rJLOO 

.353 


-oqo 

.:3r9- 

.□00 

.315 

.000 

'.362 

OVERALL ENERGY EFF 

.138 

.132 

.130 

.131 

.155 

.136 

.161 

.183 

CAP COST MILLION $ 

263.323 

250.309 

234.126 

22C .874 

153. C27 

2 94.214 

14£-2«2 

221.905 

CAPITAL COSTfS/KHE 

752.5EJL. 

.200, 73.3 _E6Z-507 

.6 5$. .426 

531., 0.5.1 

320.644 

434.145 

652.441 

COE CAPITAL 

23.790 

22.1S4 

20,943 

20.751 

16.788 

25.342 

15.G21 

20.625 

COE FUEL 

23.770 

23.335 

Z3.58S. 

24.7J4 

2S.93G 

24.065 

27,782 

24.522 

COE OP 8 MAIN 

.543 

.549 

.549 

.54 8 

.548 

.548 

. .548 

.548 

COST OF ELECTRIC 

43.108- 

. 4£-03£. 

45-073. 

4S.Q23 

. 46-271 

50.556 

43-953. 

45.695 

EST TIME OF CONST 

4.666 

4-681 

4.672 

4.632 

4.509 

4.6HS 

4.541 

4. 640 


PARAMETRIC POINT 

17 

12 

1? 

20 

21 

22 

23 

24 

THERMODYNAMIC EFF 

.con 

-000 

.000 

.000 

.DGD 

.000 

.000 

.000 

POWER PLANT EFF 

.319 

-34*^ 

.303 

.317 

.346 

.340 

.234 

.329 

OVERALL ENERGY EFF 

-IGl 

.176 

-153 

.160 

.346 

.340 

.294 

.329 

CAP COST MILLION $ 

145. 81C 

713.213 

14C .321 

1-5 .C25 

ZC7.755 

25^,053 

235.316 

223 .344 

CAPITAL COST.$/KHE 
COE capital 

43G.S31 

651.900 

494.330 

6 ■: 4 , 99 s 

797.309 

766-440 

S2S .473 

699.971 

15.395 

20^602 

15.627 

2G.7CE 

25.205 

24.229 

26.127 

22 .124 

COE FUEL 

27,925 

25.497 

2“.Z3S 

.'7.9 33 

J.373 

i.521 

3.3 90 

3.314 

COE OP S MAIN 

.548 

»^4 ® 

.54 S 

.545 

1.B4S 

1,£71 

2,032 

1.517 

COST OF ELECTRIC 

43. 753 

46.643 

45.414 

49.251 

35.432 

34.621 

33.039 

32. 356 

EST TIME OF CONST 

4.54C 

4.610 

4.501 

4.535 

r 

4.563 

4.550 

4.434 

4 .523 

parametric point 

25 

26 

27 

”5 P 

25 

3C 

31 

32 

THERMODYNAMIC EFF 
POTIER PLANT EFF" 

-000 

-ODD 

.000 

".'ODO 

.000 

.000 

.000 

.000 

.320 

.333 

.32 9 

.324 

.322 

.308 

.332 

.334 

OVERALL ENERGY EFF 

.320 

.333 

.329 

-324 

.217 

.310 

.167 

.169 

CAP COST MILLION S 

22C. 323 

250.193 

234.627 

27E .S6S 

273.219 

3 72 .527 

276 .909 

255 ,S5S 


744.755 

723. 307 

631.552 

701.312 

7D6.DS71D73.613 

760.401 

697,323 

23. 547 

22.991 

21.545 

72.156 

22.321 

34.129 

24.039 

22.C6C 

COE FUEL 

9.076 

S.7D2 

?. 312 

3.943 

27.547 

9.43 D 

25.733 

26.555 

COE OP a MAIN 

1.957 

1.69S 

.962 

,£4G 

.549 

3,533 

.548 

.549 

CQST Of" ELECTRIC 
EST TIME OF CONST 

34. 577 

33,493 

• 2 G G 

.:2.G75 

50.416 

47.072 

51.324 

49.163 

4. SOL 

4.SS7 

4.£3^» 

4. SVC 

4.749 

4..61S 

4. 699 

4 .7C4 


PARAMETRIC POINT 

33 

34 

35 

3E 

37 

39 

79 • 

4C 

THERMODYNAMIC EFF 
power plant EFF 

• DOC 

.000 

,000 

• DOC 

.000 

.000 

.000 

.000 

.323 

-29C 

.322 

.•336 

.310 

.347 

.333 

.331 


.163 

739*597 

.146 
225. 7R7 

.163 
242. E72 

.170 
2£3 .238 

.156 
261. 2E3 

.175 
244 .535 

.163 

251.396 

.167 
251 .175 

CAPITAL COST»S/KWE 

675.654 

710.393 

635.663 

713.239 

767.395 

6::l.631 

639,210 

592.333 

COE capital 

Z1.3FS 

22.457 

21.675 

;z .5 4 7 

24.259 

20 .2 95 

21.797 

21 .SSS 

COE FUEL 

27.463 

30.637 

27-526 

26.33E 

23 -eOl 

25.552 

26,650 

26.795 

COE OP 8 MAIN 

.543 

.542 

.543 

.548 

.548 

.546 

.548 

.543 

COST OF ELECTRIC 
EST TIME OF CONST 

49, 370 

53.642 

42.743 

43.431 

53.407 

46 .395 

43.936 

49.230 

4.677 

4,599 

4.675 

4 ,71C 

4.669 

4.720 

4,700 

4 .£95 



Table 7.19 - RECUPERATED HELIUM CLOSED TTCLE C T 3 YSTEMSUKKA RY PLANT RESULTS 
Continued 


PARAMETRIC POINT 
THERMODYNAMIC EFF ’ 
POKER PLANT EFF 

COE FUEL. 

COE OP 8 MAIN 
COST OF ELECTRIC 
EST TIME OF CONST 


parametric point 

THERBOOYNAKIC EFF 

power plant EFF 

OVERALL ENERGY EFF 
CAP COST MILLION S 
CAPITAL C0ST»*/KKE 
toE Capital 
COE FUEL 
COE OP 8 MAIN 
COST OF ELECTRIC 
EFT TIKE OF CONST 


41 

42 

43 

44 

, 45. 

46 

47 

4S 

.000 

.oon 

.000 

.ODD 

;ddo 

.000 

.000 

.□00 

.325 

.315 

.351 

.336 

.305 

.334 

.334 

.325 


. -jLsa. 

mJJJ. 

.17B. 

.154 


.169, 

.164 

Z4S.1S5 

24T.6B1 

2GD ,353 

245.615 

226.372 

242.358 

268.234 

262 .332 

;99.3§4 

717.303 

676,731 

ecs.oas 

633.237 

661.115 

731 .580 

725.617 

22.109 

22.G7C 

21.333 

23.057 

21.59S 

201.859 

• 23.127 

22 .938 

27. 323 

23..2D5- 

. 25.250 

2S.405 

29.126 

26^55.5 

26.555 

27 .296 

.54E 

.548 

.548 

.548 

,54S 

.548 

.548 

.54 8 

43.335 

51.423 

47.191 

43.010 

51.273 

43.002 

5D^23Q 

50;732 

4.ES1 

4.656 

4.745 

4.7CS 

4.630 

4.704 

4.7C4 

4. 500 

49 

50 

51 

57 

^■7 

54 

55 

56 . 

.ODD 

.DDQ 

, .DDD 

’’-COO 

“Idoo 

.000 

.000 

.000 

.000 

.cec 

.000 

.000 

• OCO 

.Tjcn 

.000 

;co'D 

.000 

.000 

-ODD 

-COD 

.000 

.000 

,OQ0 

.000 

.ooc 

>DOO 

.000 

.OGC 

.coo 

.OCG 

.000 

.cco 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.□oc 

.000 

.000 

.DCC 

.000 

.000 

.000 

.000' 

.DOO 

.□DO 

.000 

.000 

.ooa 

.000 

.000 

.000 

.OCO 

.000 

.000 

.000 

.000 

.000 

.coo 

.005 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.0^ 

.coc 

.□OC 

.CCD 

.DQ6 

.600 

.000 

.cco 


00 



TaBle 7.20 ' COMBINED fllR-HEUIlffl-STf AH" TURB CVCLE EUHKARY PLANT RESULTS 


parametric point 
THERMODYNAMIC EF= 
POWER PLANT EFF 
OVERALL EN^RSY E-F 
CAP COST MILLION S 
capital COST.*/KUt 
COE CAPITAL 
COE Fuel 

COE OP e. MAIN 
COST OF ELECTRIC 
EST TIME OF CONST 


37. 

A. 


1 

2 

3 

4 

5 

6 

7 

909 

.090 

.ODD 

■ .090 

.000 

.000 

.000 

.373 

.353 

.334 

.411 

.403 

.397 

,445 

133 

.173 

.15 3 

.207 

.206 

.200 

-225 

.244 

134.312 

123.237 

167.998 

168.436 

17C.33S 

217.153 

944 

404.557 

392.972 

435.170 

43S.533 

456.692 

513.031 

• 184 

12,792 

12.423 

13.757 

13.865 

14.437 

16.408 

75 5 

25.113 

26.533 

21.538 

21,708 

22.350 

13.324 

.614 

.602 

.536 

,606 

.602 

.597 

• 603 

563 

33.512 

33.602 

35,951 

35.175 

37.384 

36.935 

• 923 

9.874 

4.82S 

5 .005 

5.000 

4.974 

5 .07 6 


8 

.000 
•RAH 
.Z2R 
217.220 
5Z0.494 
lE.RSR 
19.975 
.EOO 
37.029 
5.0 73 


PARAMETRIC POINT 9 10 IJ_ . .12. .13 , 14 

THETOraCTOSHTC E^F TOllO .000 .030 .000 .OOd .000 

power plant EFF .431 .313 .333 .347 .407 .411 

OVERALL ENER3Y EF- .213 .158 »1SS .175 .Z05 .208 

CA£ CtlST MILLION * 217.521 131.Z4D 171.331 240.125 1GG.291 171.7D8 

COITAL C0ST#»/KHE 53E.555 445. B27 504. OSl 531.454 435.122 444.275 

COE CAPITAL 1B.9S5 14.094 15.934 19.962 13.755 14.045 

COE FUEL 20,555 23.313 ZB.SS3 2S.S0G 21.908 21.5G9 

COE OP S MAIN .534 .584 .592 ^*501 ^^.601 *1 

COST OF ELECTRIC 33,125 42.995 43.179 '-15.158 3S.164 3».218 

ESl' TIME OF CONST 5.04B 4.770 4.896 4.991 4.99G 5.0GG 


15 

."DOO 
,414 
.203 
17C.862 
433.995 
13.878 
21.418 
. .60.6 
35.902 
5.012 


IS 

.000 

.418 

.211 

172.655 

440.072 

13.912 

21.243 

.603 

35.770 

5.020 


PARAMETRIC POINT 
THERMODYNAMIC EF- 
POHER plant EFF 
OVERALL ENER3Y EFF 
CAP COST MILLION S 
CAPITAL COSTffS/tCHS 
COE CAPITAL 
COE FUEL 
COE OP 8 MAIN 
COST OF ELECTRIC 
EST TIME OF CONST 


17 

18 

IS 

20 

21 

22 

23 

24 . 

.009 

.000 

.019 

,000 

.999 

,000 

.000 

.000 

.404 

.404 

,4C4 

.404 

.390 

.391 

.401 

.3 75 

. 294 

.204 

. 204 

.204 

.197 

.197 

.202 

• 189 

166.887 

165.148 

1E1.1Z5 

1-F1.003 

158.468 

158,5 71 

171,903 

1£^.667 

439. 335 

434. 7SS 

424. 1S7 

423.845 

432.500 

431.283 

456.314 

500.853 

13.888 

13.744 

13,409 

13.399 

13.675 

13.634 

14.425 

IE, 833 

21. 943 

21.943 

21, 943 

21.943 

22.758 

22,672 

22;1Z6 

23.641 

.600 

.600 

.600 

;soo 

.602 

.605 

.593 

.6 05 

3S. 431 

35.236 

35. 951 

35.941 

37.034 

35,910 

37.150 

40.079 

4.990 

4.990 

4.990 

4. 990 

4.959 

4. 363 

4.983 

5 .062 


PARAMETRIC POINT 

thermooymahic ef- 

POHER PLANT EFF 
OVERALL ENER3Y E-F 
CAP COST MILLION * 
CAPITAL COST.SFKHE 
COE CAPITAL 
COE FUEL 
COE OR 8 MAIN 
COST OF ELECTRIC 
EST TIME OF CONST 



26 

27 

28 

23 

30 

31 

009 

' .000 

". 000 

:ooo 

.900 

.000 

.000 

374 

.397 

.385 

.407 

.407 

.407 

.406 

183 

.20D 

.134 

.206 

.205 

.205 

.205 

303 

159.374 

154.802 

168.740 

169.745 

163 .305 

169.408 

933 

427.273 

428. 537 

440.322 

444.311 

443.718 

447.512 

• 964 

13.567 

13.547 

13.935 

14.065 

14.027 

14.147 

754 

22i35Q 

23.073 

21,776 

21.791 

21.776 

21.950 

.602 

.601 

-.599 

.603 

,605 

.604 

.605 

313 

33.453 

37.218 

36.315 

3 3 • 490 

35.405 

36.5 02 

• 997 

4.974 

4.346 

4.397 

4 *395 

4,397 

4,988 


32 

.000 

.411 

.207 

1E8.932 

437.945 

13.844 

21.808 

.602 

35.054 

5iCG4 


PARAMETRIC POINT 33 34 35 

THERMOOrNAMIC EF"^ .000 .000 .OOO 

POWER PLANT EFF .408 .408 .409 

OVERALL EN-43Y £=■- .205 .205 .206 

CAP COST MILLION S 1G9-B43 17C.C84 168,781 
CAPITAL COST.S/KWE 442.347 444.119 433.839 
COE CAPITAL 

JCOE FUEL 2l.73rr^ 21.766 21.6S1 

COE OP 8 MAIN .603 .604 .602 


3B 

.□00 

.409 

.206 

169.509 

441.752 

13.965 

"21.721 

.6TJ3 

35.288 

ttlfSSSA. 


37 

.030 

.409 

.205 


38 


.000 
.409 
.206 

1GB.317 172.962 
436.587 443.636 
13.801 14.1^. 

21.7a6:.,.21.703 

.60Z- .602 

3S<.-112- 3S.r"- 


39 

^OQO 

.264 

172.332 

427.549 

13.516 

22.627 

.601' 

,35.744 

S.642 


40 

.000 

.380 

.382 

271.252 

748.005 

23.646 

7.623 

1.E45 

33.119 



Table 7.20 
Continued 


COMBINED AlR-MELIUM-STtAK TURB CYCLE, SUMMARY PLANT RESULTS 


PARAMETRIC POINT 
THERHODYMAHtC EF- 
POUER PLANT EFF 
OVERALL EN-R3Y E' = 
CAP COST MILLION S 
CAPITAL C0ST»*/K«E 
COE CAPITAL 
COE FUEL ■ 

COE OP A MAIN 
COST OF ELECTRIC 
EST TIME OF CONST 


PARAMETRIC POINT 

therhooynami: eff 

POWER PLANT EFF 
OVERALL ENiRSY E-- 
CAP COST MILLION S 
CAPITAL COSTtF^KWE 
COE CAPITAL 
COE FUEL 
COE OP g MAIN 
COST OF ELECTRIC 
EST TIME OF CONST 


Al 

42 

43 

44 

45 

46 

47 

48 

.003 

.000 

.030 

.000 

.000 

.000 

.000 

.□DO 

.332 

.371 

.366 

,395 

..416 

.378 

.338 

.431 

.392 

.371 

.356 

.139 

.210 

.191 

.171 

.219 

259. 94g 

247.992 

251.617 

170.985 

260.868 

167.261 

152.773 

22C.419 

700.333 

533. U2 

704.111 

490.322 

411.153 

470.312 

430. S62 

544. ISO 

22.156 

21,535 

22.253 

14,552 

X2,S9S 

14,868 

15.135 

17.203 

7.S8S 

7.S13 

7.932 

22.442 

21.307 

23.444 

26.231 

20.577 

1.783 

.319 

.351 

.556 

.557 

.613 

.631 

.602 

31.525 

30.332 

31.141 

37.550 

34.862 

35.924 

42.057 

33.382 

4.S78 

4.359 

4.94 7 

4.977 

5. DID 

4.340 

4.847 

5.051 

49 

50 

51 

52 

53 

54 

55 

56 

.003 

.000 

.00 0 

.000 

.000 

.000 

.000 

.000 

.401 

.411 

.426 

.425 

.DOG 

.000 

.ODD 

.000 

.232 

.207 

.215 

.214 

.000 

.000 

.000 

.000 

204.743 

225,545 

226 .690 

172.254 

.000 

.ODD 

.ODD 

.060 

393.053 

534.724 

557.236 

431,253 

.000 

.000 

.000 

.□00 

21.310 

18.484 

17.332 

13.633 

.000 

.000 

.000 

.cac 

22.153 

21.510 

20.34 3 

20. 875 

.000 

.030 

.000 

.000 

.612 

.548 

.548 

.602 

.000 

.ODD 

.ODD 

.COG 

44.672 

40.S42 

3 3 -'32 2 

35.111 

.000 

.000 

.000 

.OOQ 

5.126 

5.DZZ 

5.051 

5.040 

.000 

.ODD 

.000 

.OGD 



Table 7.21 

RECUPERATED HELIUM CLOSED CYCLE 6 T SYSTEM COST OF ELECTHICIT Y.MILLS/KW.HR 

PARAHrTRIC POINT KC.25 


account 

ToTaL' direct COSTSiS 
indirect C0S7»J 
PROF E OWNER COSTStS 

ssrisras 

ESCALATION COST»$ 
INTREST during CONSTfS 
TOTAL CAPITALlZATlONf * 
COST OF ELEC-CAPITAL 
COST OF ELEC-FUEL 
COST OF ELEC -CP 8 MAIN 
TOTAL COST OF ELEC 


' ACCOUNT 

TOTAL DIRECT COSTStS 
indirect COSTfS 
PROF S OWNER COSTStS 
CONTINGENCY COSTiS 
SUB TOTALtS 
ESCALATION COST.S 

intreet duping const,® 
total capitalization tS 
cost of elec-capital 
COST OF ELEC-FUEL 
COST OF ELEC-OP S MAIN 
TOTAL COST OF ELEC 


RATE, 


LABOR RATE, S/HR 



PERCENT 

6.00 

8.50 

1D.6D 

15.00 

21.50 

.0 

11 77744B2 . 

ir’4757253. 

1306S63S1. 

143056458 . 

161315664 . 

51-0 

8H3SS72. 

12177485. 

151'3£040. 

21489G30- 

30301875. 

S.O 

9421353. 

S2S37SC, 

10455710, 

11444517, 

12SD5253. 

7.5 

3833036. 

9353794. 

9802223. 

10729234- 

12098675- 

'.G 

14'4e25'3fi9. 

ire3i83iC. 

lGGl4C35Fr^lS£n9?0e . 

2IT12I4E4. 

6.5 

26402047. 

2953SS44. 

30323705. 

3403S53S. 

39636546. 

IC.C 

2SS04244. 

32321521, 

34352899, 

3£GCS13e . 

44S547JC. 

. 0 

200331636. 

21717694?. 

230322960. 

259414613. 

301652233. 

18.0 

20.49452 

22.15145 

23.54335 

26.45S63 

30 .7E77S 

.0 

9.07590 

3.07530 

9.07530 

9.07590 

9.07590 

.0 

1.25742 

1.85742 

1.SS742 

1 .85742 

1 .55 742 

.0 

31,52733 

33.18480 

34.57666 

37.49294 

41.50107 

RATE, 

CONTINGENCY, 

PERCENT 

s.oo 

2C.CC 

PERCENT 

-£.00 

.00 

7.50 

.0 

13063B3S1. 

13DS96331. 

130636381, 

13D63S331. 

130696331. 

51.0 

15186040. 

151S604C. 

151S604D. 

15126040. 

151S6C4C. 

8.0 

1045S71D- 

10455710. 

104SS710. 

10455710. 

10455710. 

2C.C 

-6534S13. 

E- 

SSD222 a... 

6534 618... 

26139276, 

.0 

1«P5D3312. 

1"B33S13D. 

156140353. 

162S7294B, 

132477406. 

t.5 

Z72473C0. 

r£54C?F.2. 

30328705. 

2S733224 . 

3331211C . 

10. 0 

30971^835. 

-.2326079. 

34352399. 

33677295. 

57730916- 

,c 

2C "125 424 . 

2J 72044EC. 

22D822860. 

2"f2£346E . 

Z53520432, 

18.0 

21 .22327 

22.15430 

23.54335 

23,03033 

2S.SS343 

,C 

2.G75SD 

S.D7E50 

S.G75SD 

8 .07550 

£ .C7ESE 

. D 

1.95742 

1.35742 

1.95742 

1.95742 

1.95742 

.D 

32.2615E 

33.1S761 

34,57666 

24 .11365 

26 .6S:i75 


r 


ACCOUNT 

total direct COSTS, S 
INDIRECT COST,S 
PROF S OWNER COSTS,® 
CONTINGENCY COST,® 

SUB total,® 

ESCALATION COSTtS 
INTREST DURING CONST,® 
TOTAL CAPITALIZATION,® 
COST OF ELEC-CAPITAL 
COST OF ELEC-FUEL 
COST OF ELEC-OP S MAIN 
TOTAL COST OF ELEC 


RATE, 

: 

SCALATICN 

PATC, PERCENT 

Pr^CENT 

5.00 

6.56 

S.OO 

10.00 .00 

.0 

lZre«E5Sl. 

IICESEZEI. 

130EPE3S1. 

12C656391 . 1 •C6S63SI . 

=^1. 0 

131 80040. 

15138040. 

15196D4D, 

15136040. 1S13SQ4B. 

s.r 

1045E71C. 

i:45E71C. 

1C45S710. 

1G4E5710. 1045S71D. 

7.5 

9802223. 

8802229, 

3302223. 

•SSU2223. 3302223. 

.c 

16E14G358. 

1CE1403SS. 

166140358, 

ieei4D3SS. 16614DZ5S. 

,0 

22396313, 

30329705. 

373S9230, 

43249720. 0. 

IC.C 

3327CE00 . 

34352S9S. 

35458358 . 

7CS72SSS. 2SS32467. 

, 0 

2224C7G76, 

33DR22950. 

2394SS94S. 

251352666. 135372324. 

18.C 

22.65501 

22.54335 

24.42522 

25.63635 18.8SE73 

. 0 

9.07590 

9-07590 

9.07590 

9J0759O 9.07590 

.0 

1.95742 

1.55742 

1.25742 

1.95742 1.SS742 

.0 

33.71333 

34.57656 

35.45353 

36.67166 31.02204 


ACCOUNT 

TOTaC DIRE^ COSTS 1 
INDIPEcT COST,® 


PROF * OWNER 
CON,IIRGEHD.Y , 


COSTS,® 

COSIt® 


AL ATlht!l*COST,$ 


COST OF ELEC-CAPITAL" 
COST OF ELEC-FUEL 

-OP 8 MAIN 
ELEC. 




.0 

51. C 
S.O 
I-S 
.0 

e.B 

15.J 

isro 

.0 


J 6tC;C. 

13053G3S1. 
lEleEPAD. 
1045571D. 
5,202228... 
IbGl A0353. 
3C32R705. 
ZCiSSOBO. 
21Ee?Sl22 . 
32.D3GS3 
S.07530 
1.95742 
33.32935 


INI DURING CONST, PERCENT 

" IQaOO 


_ S.DO.. . 

13QS36381. 13D63S331. 
151SED4G. 1E1S6D40. 


1D455710. 

.2.802228.. 


1D455710. 
SSG222 3.._ 


1SG140353. 1SS1403S3. 
3C32S7C5. 3r32S7D5. 


■'7195326. 

'SGSSass. 

22.31233 

S.075EQ 

1.9S742 

33.S45E4 


34352533. 

23C922StC. 

23.54335 

8.07590 

1-95742 

I4.57GGG 


3DS3G331. 
15196040 . 
10455710. 

S 802.229., 
561403S3. 
3CZ287nS . 
4352S259. 
3SSSS3ZD . 
24.47901 
8.Q75SD 
1 .95742 
35.51232 


1E..CC 

130636331. 
1E1SGD4G. 
10455710, 
CS02223.. 
l0il4O359. 
3C32S7E5 . 
52941701- 
245411762 . 
25.4393G 
Sa]753C 
1.95742 
3£ .47267 



Table 7,21 Continued- 

RECVJPERATEO HHLIUM CtOSED CYCLE G T SYSTEM COST OF ELECTRICITYt MILLS/ KW. HR 

PARAMETRIC POXbT N 0 . 2 S 


ACCOUNT 

TOTAL direct COETStS 
INDIRECT COSTtS 
PROF 8 OWNER COSTS?* 
CJONTINGENCY COST?* 

SUB TOTALfS 
ESCALATION COST?* 
INTREST DURING CONST*® 

COST OF ELEC-FUEL 
COST OF ELEC-OP 8 MAIN 
TtTAL C0ST_0F. ELEC 


RATE* 

PERCENT 10 . 00 . 

.0 130506381 . 

51.0 I 51 SG 040 . 

S.O ID^JSSTID. 
7«.5 980222 B, 

.C 15511 ( 0353 . 
S .5 30329703 . 

10 . C 343 S 2 S 9 S. 
. .0 23 DS 22960 . 

75.0 13.07564 

.0 9.07590 

.0 1.35742 

.0 24,11295 


FIXED CHAF 5 E 
, 14.40 , . 

13 CG 9 E 3 S 1 . 
151 SG 04 D. 
1 D 4 S 5710 , 
9302229 . 1 , 
l?ei 40358 . 
3032970 S. 
74352 SS 5 . 
2303 Z 29 G 0 . 

‘ 12 .B 3463 ' 
9.07590 
1 .S 5742 
23,35793 


RATE. PCT 
IS. DO . 
130695351 . 
15136040 . 
10455710 . 
— 9502229 . 
16 E 14 C 35 S, 
30329705 . 
343 S 2 ” 9 S. 
230322360 . 
23.54335 
3 .D 7 S 90 
1 . 9574 Z 
34.57666 


21.60 , 
13 CGSG 3 S 1 . 
151 S 6040 . 
1 C 455710 . 
. 3302228 . 
1 EE 14 D 353 . 
30329705 . 
34352 ESS. 
2303229 SO. 
2 S. 2 S 202 
9.07530 
1 .S 5742 
39.23533 


25 .Q 0 

130^96381 . 
15136040 . 
10455710 . 
3802226 . 
155140356 . 
303237 QS. 
343523 S 9 . 
230322960 . 
32 . 69 S 1 T 3 
9.07530 
1 .95742 
43.73241 


ACCOUNT 

TOTAL DIRECT COSTS. 4 
INDIRECT COST.l 
PROF ? OWNER COSTS. $ 
CQNTINCENCY COST.* 

SUB TOTAL .4 
ESCALATION C05T.4 
INTREST DURING CONST,® 
total CAPITALIIATION.E 
COST OF ELEC-CAPITAL 
COST OF ELEC-FUEL 
COST OF ELEC-OP S MAIN 
total cost Of ELEC 


»ATE, 

FUEL COST. $/lD **6 ETU 



PERCENT .SC 

.es 

1 . 5 C 

2.50 

1 .02 

• D 

13 D 69 G 331 . 

130596391 . 

130696391 . 

13 DS 96331 . 

130 G 36381 , 

ri.o 

151 S 6 D 4 G. 

1513 G 04 G. 

15185040 . 

15186040 . 

15136040 . 

3.0 

104 SE 710 . 

10455710 . 

10456710 . 

1 D 455710 . 

10455710 . 

7.5 

9 ED 222 ?. 

SSDZ 222 . 

S 902 Z 2 S. 

SSD 222 .S. 

5302228 . 

.0 

165140358 . 

166140353 . 

166140353 . 

15614 G 35 S. 

156140353 . 

5 .E 

3 C 32 S 7 DE. 

3 C 32 S 7 D 5 , 

3 C 322705 . 

30329705 . 

3 G 32 S 7 C 5 . 

ir. □ 

34352333 . 

343 S 2 S 33 . 

34352399 . 

34352399 . 

34352399 . 

.c 

230922550 . 

23 C 5229 EC. 

23 CB 22960 . 

230 E 22960 . 

23 CE 2296 D. 

18.0 

22.54335 

. 23.54335 

23.54336 

23-54335 

23-54335 


5 . 33 B 76 

S.C 75 S 0 

IF . 01623 

26.65331 

10.65107 

.0 

1.95742 

1.35742 

1.95742 

1 .S 5742 

I. 9 S 742 

.c 

3 C . 83553 

34.57566 

41.51705 

52.15453 

36.39194 


NJ 


ACCOUNT 

total direct COSTS . 4 
INDIRECT COST.* 

PROF S OWNER COSTS.* 
COMINGENCY C 0 ST .5 
SUB TOTAL,$ 

ESCALATION COST.S 
INTREST CURING CONST.* 
TOTAL^CAPITALIIATIDN.* 
COST OF EL EC-CAPITAL 

8olt 8^ iLEC-OP^k MAIN 

total cost of elec 


FATE. 


CAPACITY FACTOR. PERCENT 


PERCENT 

12.00 

45.00 

30.00 

65 .J 0 

30.00 

.0 

13069 G 3 S 1 . 

1 7 CE 963 61 . 

130 B 9 G 3 S 1 . 

13 CG 563 B 1 . 

12 DES 6391 , 

Sl -0 

1 S 1 SG 040 . 

1 S 13604 D. 

15136040 . 

15196 D 40 - 

15136040 . 

6.0 

1 Q 4 S 5710 . 

1 C 4 SE 71 D, 

1045571 C. 

1 G 45 S 71 D- 

1 C 45 S 710 . 

7.5 

3 B 0 Z 223 . 

. . 3302223 ., 

9302228 , 

9302228 . 

93 D 2228 . 

• c 

166140353 . 

166140358 . 

166140358 . 

166140353 . 

1 EE 14 D 35 S . 

E* 5 

30323705 . 

3 D 329705 . 

30329705 - 

30329705 . 

3032 S 705 . 

-IC.C 

34352355 . 

' 4352855 . 

34352 SS 9 . 

.(j3E',DEO 

34352859 . 

.0 

230322950 . 

:SCI 2229 B 0 . 

230 S 229 S 0 . 

230322950 . 

230322960 . 

18 . C 

127 .E 2 E 4 S 

34 .CC 7 C 6 

3 C. 6 DG 36 

23 .S 433 S 

15 .12697 

.0 

9 .D 7 S 3 D 

9.07590 

9.07590 

3.07530 

9.07590 

.0 

3.21250 

2.11957 

2.06374 

1.35742 

1 .89281 

.0 

139.'31433 

45. 20253 

41 . 75 P 99 

34.57665 

30.08767 



Table 7.22 

RECUPEPATEC HELiLh CLCSED CYCLE G T SYSTTM COST OF ELECTRICITY »«ILL S/KW .HR 

PARAM='TniC POINT NO. AS 


ACCOUNT 

TOTAL OIRECT COSTS.* 
indirect cOST,S_^^ 

PROF 8 OWNER COSTS.* 
contingency COST.® 

SLQ TOTAL »« 

ESCM.ATION COST#* 
INTRIST DURING CONST.* 
TOTAL CAPITALIZATXCN.S 
COST OF ELEC-CAPITAL 
COST OF ELEC-FUEL 
COST OF ELEC-OP 8 NAIN 

total cost of elec 


“ATE. 

PERCENT 6. DC 
•B 13S097133- 
= 1.0 '•G7AC37. 

3.0 in=73775. 

7.5 10125735. 

.0 1GF,1SD336, 

6.5 3D3I1B1D. 

10. n sAsssnsfi. 

.0 330537512. 

IS.O 70.17953 
,C E7.2S5ES 
.0 ,r.A790 

,D A?.D73A3 


LA30R RA 
F.5C 

1A3A10653. 
12G5A9Sf . 
11A72353. 
10755755. 
17549i|2E4. 
T2G04S66. 
36307320 - 
24 7FaFSEC . 
21 .F7905 
27.25565 
.54730 
44.527C0 


TEi S/HR 
1C. 80 

143G37372. 
1EC3C227. 
11971D33. 
11Z2234B . 
133352740. 
24477732. 
33CS1214. 
262251736 . 
22.3333S 
27.25565 
.54750 
fC.7SlSl 


15.00 

1S263S67S. 
2266523 7. 
13014954. 
12201426. 
210537172- 
2E4436SC. 
43543132. 
2<-2574032. 
25.57590 
27.25565 
.54790 
53.4204E 


21 .50 

1319SD7DD. 
32515478. 
14 55c ^56 . 
13647052. 
242630086. 
443C2352. 
50179045. 
3371E1S2C. 
29.47475 
27 .25565 
.54790 
E7 .3163C 


ACCOUNT 

TOTAL DIRECT COSTS »* 
INDIRECT CDSTrS 
PROF fi OWNER COSTSfS 
CONTINGENCY COSTiS 
SUE TOTALrS 
ESCALATION COST.* 
INTREST DURING CONSTfS 
TOTAL CAPITALIZATIONt* 
COST OF ELEC-CAPITAL 
COST OF ELEC-FUEL 
COST OF ELEC -OP S MAIN 
TOTAL 'COST OF ELEC 


RATE. 

PERCENT -5.00 
.0 149637972 

51. D 1GD3D337 

S.D 11S71D3S 

20.0 -7481399 

.0 17C15732 

S.5 31063143 

10.0 35183827 

,U 23S4r47E4 

IS.C 70.66es 

.0 27.2356 

.C .5473 

.0 43.5101 


CONTINGENCY 

.00 

14SG37S72, 

1SD3DSS7. 

11S71DSS. 

. 1T7639S54. 
. '^2423**9. 

rt73D6?Z . 
. Z’lOyS'RBRA . 
7 21.57523 

D .547=0 

2 49.41833 


r PERCENT 
7.50 

14SG37972. 

16030987. 

11S7103S. 




34477792. 
3=C51214. 
2G239173S. 
72 .SS83S 
27.2S565 
.547SG 
SO. 73191 


5.00 

14SE37S72. 

16030337- 

11S7103S. 

33734355. 
36277637 . 
257134342. 
2 2 .4 £400 
27.29565 
.S47SC 
50.32755 


20.00 
14S637R72. 
15C30S37. 
11571038. 
29927534. 
207567488. 
37392422. 
42'lSSCl. 
2S93797QS. 
25 .21C14 
27.23555 
.547SC 
53-05363 


iCCOUNT 

TOTAL DIRECT COSTS.* 
indirect COST.* 

PROF S OWNER COSTS.* 
CONTINGENCY COST.* 

SUB TOTAL.* 

ESC/O.ATION COST.* 
INTREST DURING CONST.* 

tctaC capitalization. C 

COST OF PLEC-CAPTTAL 
COST OF ELEC-FUEL 
COST OF ELEC-OP 8 MAIN 
TOTAL COST OF ELEC 


'ATE. 

FSPCENT S.CC 
.0 149G37972. 

■ ‘ 1C03GS37. 

11371034. 
11222=4£. 
133862740. 
2EZ42CC5, 
37S2G779- 


fl.C 

3.0 

7.E 

.0 

.c 

ID.J 


'sz'.jczcj 
27.225S5 
.54790 
4S. 94562 


•;'ALATI£)N S 
6. EC 

149G37372. 

1 ErSECET, 
11371038. 
11222848. 
173362740. 
34477722. 
19051214. 
2523S1736. 
22.93536 
27.22565 
.54790 
„5C,7S151 


ATE. perce: 
8.DD 

149637972. 

2£C20sa7. 

1X971033. 

1122234S. 

138362740. 

43C4S4G0. 

4D3D900D. 

272Z2D20C. 

23,79756 

27.29565 

.54790 

51.64111 


iD.r.c 

149637972. 
15030867. 
11971033. 
11222S4S. 
1 4S362740. 
5484SE50 , 
42029139. 
255740576. 
24.97952 
27.25565 
.54790 
52,S23D7- 


.to 

149637972. 

lGC3CSa7. 

11971033. 

11222348. 

133362740. 

0 . 

33912540. 
2ZZ7752EC. 
19.475g3 
27 .25565 
-54790 
47 .31 = 62 


ACCOUNT 

total direct costs t* 

INDIRECT COST,* 
ppOf 8 owner COSTS?* 
CONTINGENCY COST,* 

SUE total,* 

I»l?gtlRfSF£!NSt.* 

COST OF ELEC-FUEL 
COST OF EL EC -OP 8 H AIN 
TOTAL COST OF ELEC 


RATE, ] 

51,0 160303B7, 

11271C3S, 
11222998.. 
IsaaS2740 . 
34477722. 
22927505 . 


8.0 

.0 

6.5 

15. C 

isl8 

• 0 

.0 

.0 


27.23SS5 

.54790 

49.37237 


^T DURIKC C 
S.OO 

145637972. 

16D3D8S7. 

11571C38, 

1.1.222S43. 

1589G274C. 

344777Q2. 

3DSD3927. 

27.29565 

.54750 

30.06367 


CLSTfPFRCE 
. lD-00_^ . 
149637972. 
1603D887. 
11S71Q38, 
112223 43 . 
lS98G2T5t). 
34477732. 
3SPE1214 . 
262391736. 
22 .53S3E 
27.23565 
.54790 
50.73191 


NT 


12-50 

l*f*&3T972. 
1603DBS7. 
11S71C3B. 
11222B49, 

rfi$e62 74TT. 
34477782. 
4S47917B . 
272319700. 
Z3.S4S27 
27-29565 
.54790 
51.69352 


15-00 

fTf9G379 72'.' 
15D303S7. 
11571C3B. 
11222 349. 
'ISeTGTTiiCr 
34477732. 
6C182335. 
2335223SG. 
24 ,75565 
27 .29565 
.54790 
52.62912 



Table 7.22 continued 

RECUPERATEn REL JUH CLOSED CYCLE G T SYSTEM COST OF ELECTRICITY iMILLS/KH .FR 

PARAMETRIC =’OINT NO.tiS 


ACCOUNT 

TOTAL DIRECT CDSTStS 
indirect COSTfS 
PROF 8 OWNER COSTS tS 

contingency CCSTtS 
SUB TOTAL ft 
ESCALATION CCST rl 
INTREST DURIN 3 CONST ft 
TOTAL CAPITALI 2 ATlONt$ 
COST OF ELEC-CAPITAL 
COST OF ELEC-FUEL 
COST OF ELEC-OP 8 MAIN 
TOTAL COST Of ELEC 


ACCOUNT 

TOTAL DIRECT COSTS »S 
INDIRECT COSTft 
prof 8 OWNER COSTSfS 
CONTINGENCY COSTrS 
SUB TOTAL,* 
escalation COST,* 
INTREST OURINC CONST,* 
TOTAL capitaui:ation,s 
COST OF- ELEC-CAPITAL 
COST OF ELEC-FUEL 
COST OF ELEC-OP S MAIN 
TOTAL COST OF ELEC 


RATE , 
PERCENT 

FIXED CHARGl 
1 C . 00 14.40 

E RATE, PCT 
18 . CC 

21 . 6 C 

2 E .GC 

.0 

149537972 . 149537972 . 

149637572 . 

149637972 . 

149637972 . 

51 .C 

lfC 3 C£ 97 . 

1 GG 3 CSS 7 . 

1 GC 3 G 887 . 

lG 030 £fl 7 . 

1 EC 3 C 3 E 7 . 

3.0 

11371033 . 

11271033 . 

11971033 . 

11371033 . 

11371038 . 

7.5 

11222343 , 

1122234 S. 

11222849 . 

11222943 . 

I 122 ZS 4 S . 

.n 

1 • 3 ’SG'’ 74 CI. 1 ' 3 BGC 740 . 

1 33 SS 2740 . 

132362740 . 

1 33352740 - 

£ .r 

344777 SC . 

■' 44777 -Z. 

344777 S 2 . 

34477782 . 

344777 E 2 . 

10 . G 

32051214 . 

70051214 . 

39 D 51214 . 

33031214 . 

30 G 31 P 14 . 

.0 

2 G 239173 &. EE 23 S 173 E. 

2 G 23 S 173 G. 

2 S 23 S 173 G. 

2 G 23 S 1 . 72 G. 

25.0 

12.74353 

13.35053 

22.33336 

27.52603 

31.35333 

.0 

27 . 2 S 5 E 5 

27 . 2 EE 65 

27.22565 

27 . 29 E 6 F 

27 .23565 

.0 

.54790 

.34790 

.54790 

,54730 

.54790 

.0 

4 C. 5 £ 7 d 3 

46.19423 

EC. 7 gl£l 

F 5 .?e 95 E 

E£ .70233 

RATE, 

PERCENT 

FUEL COST, : 
i.rn 2 . 6 D 

5 / 10 FFG ETU 
4.00 

2-03 

3 . 1 ? 


.0 

Sl.D 

s.c 

7*5 

.C 


2 r. 


ir .c 

.0 
.0 
.0 
.c 
.G 


lAge37£7E . 
1503D337. 
llr7IC33. 
iiezzms. 

lSESe2730, 

3£(477732. 

BPESinL. 

15233173S. 

2Z.°3S3G 

l5.7<*7t(7 

.EA7S0 

.'3.2337S 


1 ASE 37 S 72 . 

1 GD 30 BE 7 . 

11E71CJ0. 

11 P 22343 . 
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TOTAL DIRECT COSTS,* .0 

INDIRECT COST,* 51 . c 

PROF 8 OWNER COSTS,* 8.0 

CONTINGENCY COSTfS 7.5 
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escalation CCET,t 
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Table 7.23 -COMBINED AIH-HELIUH-STEAH TURE CrCLE COST OF ELECTRICITYf MILLS/KW.KR 

PARAMETRIC POINT SO. S, 


ACCOUNT 

TOTAL OIRECI COSTS,$ 
indirect C0ST»$ 

PROF 8 OWNER COSTS.* 

contingency cost.* 

SUB TOTAL.* 

escalation cost** 

INTREST DJRIN5 COMSTjr.* 
TOTAL CAPITALIZATION ♦* 
COST OF ELEC-CAPITAL 
COST OF ELEC-FOEL 
COST OF ELEC-OP 8 MAIN. 
TOTAL COST OF ELEC 


ACCOUNT 

total direct costs »S 

INDIRECT COST.* 

PROF 8 OWNER COSTS >S 
CONTINGENCY COST,* 

SUS TOTAL rS 
ESCALATION COST,® 
INTREST DURIK6 CONST »* 
TOTAL CAPITALIZATION,* 
COST OF ELEC-CAPITAL 
COST OF ELEC-.'^UEL 
COST OF ELEC-OP 8 MAIN 
TOTAL COST OF ELEC 


A.CCDUHT 

TOTAL DIRECT COSTS.* 
INDIRECT COST,* 

PROF 8 OWNER COSTS, S 
CONTINGENCY COST** 

SUB TOTAL.* 

ESCALATION COST** 
INTREST DURING CONST,* 
TOTAL CAPITALIZATION,* 
COST OF elec-capital 
COST OF ELEC-FUEL 
COST OF ELEC-OP S MAIN 
total cost of elec 


RATE. 


labor rate, s/hr 



PERCENT 

6.0Q 

8.50 

10 .60 

15.00 
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.D 
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37233343. 

91436416. 

193232383. 

113226424. 
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6117134. 

8666025. 

10807043. 

1523Z386. 

Z1919S46. 

3. D 
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8.0 
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.0 
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6.5 
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25945283. 

27600880. 
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.0 
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.0 
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21.70837 

.0. 
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.0 
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RATE* 

C0NTIN6ENCY« 

PERCENT 
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5.00 
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.0 

91436418. 

S1436418, 

31436418. 

91436418. 

S1436418. 

51.0 

10307343. 

10807043. 

10807043. 

10807043, 

10807043. 

8.0 

7314913, 

7314913, 

7314313, 

7514313. 

7314S13, 

20.0 

-4571321. 

0 . 

7314913. 

4571BZ1. 

18287283, 

.0 
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ESCALATION .RATE* PERCENT 
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ACCOUNT rate, 

“ERCENT 

TOTAL DIRECT COSTS »* .D 
INDIRECT COST,* 51.0 
PROF 8 OWNER COSTS** 8.0 

contimsency cost** 3.0 
SUB TOTAL** .0 
ESCALATION COST,* S.5 
INTREST DURING CONST** 15 ,B 
TOTAu CA<»rTALI2ATI0N.* .0 
COST OF ELEC-CAPITAL 18.D 
COST oe iLEC-FUEL .□ 
COST OF ELEC-OP 8 MAIN ,0 
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Table 7.23 - COHeiNEO AIR-HELIUM-STEAH TURB CYCLE COST OF ELECTRICITY»MILLS/KK .FR 
Conciniued PARAMETRIC POINT NO. 5 


ACCOUNT 

TOTAL OiRiCT COSTS#* 
indirect COST#* 

PROF 8 OWNER COSTS,* 
C0NTXH6ENCY COST#* 

SUB TOTAL,* 

ESCALATION COST#* 
INTRE5T DURIN3 CONST#* 
TOTAL CAPITALIZATION,* 
COST OF ELEC-CAPITaL 
COST OF ELEC-FUEL 
COST OF ELEC-OP 8 MAIN 
TOTAL COST OF ELEC 


RATE, 
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RATE, PCT 



PERCENT ID.OO 
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ACCOUNT 

total, DIRECT COSTS#* 
INDIRECT COST,* 

PROF 8 OWNER COSTS#* 
CONTINBENCV COST,* 

SUB TOTAL •* 

ESCALATION COST, 4 
XNTREST DURING CONST •* 
TOTAL capitalization#* 
COST OF ELEC-CAPITAL 
COST OF ELEC-FUEL 
COST OF ELEC-OP 8 MAIN 
TOTAL COST OF ELEC 


ACCOUNT 

TOTAL DIRECT COSTS. C 
indirect COST#* 

PROF 8 OMNER COSTS#* 
CONTINGENCY COST#* 

SU3 TOTAL,* 

ESCALATION COST#* 
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TOTAL CAPITALIZATION#* 
COST O'" £LEC-CAPITAL 

COST OF Elec-fuel 

COST OF ELEC-OP 8 MAIN 
TOTAL COST OF ELEC 


RATE, '' FUEL COST, t/108#E BTU 


PERCENT 
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2.60 

4.00 
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8.0 
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7314913,. 
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.0 
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23961614. 

23961614. 
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.0 
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18.0 
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.0 
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18.02396 

13.86455 

11.26497 

.0 
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21.70837 
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.0 
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combined closed cycles . Each' plotted point is numbered according to the 
parametric point number established in Subsection 7.4. 

The COE for the closed— cycle recuperated and closed-cycle com- 
bined systems did not compare favorably with conventional steam power 
plant COE. For no parametric point did the COE fall below 8.2 mills/MJ 
(30 raills/kWh), In general, both the capitalization and COE were higher 
for the recuperative systems. 

One of the prominent aspects of Figures 7.58 and 7.59 is the 
great difference in COE and capitalization between distillate and coal 
fuels. Distillate at the price contemplated would not be competitive 
with the direct burning of coal for the base-load operation (65% capacity 
factor) illustrated in the figures. 

Various relative effects can be discerned using these two 
figures. Related points have been connected by lines to assist in the 
interpretation. Thus, for the recuperated cycles, Rl, R2, R3, R4 
represents the points on distillate fuel having a pump-up turbine inlet 
temperature of 1478“K (2200*’F)' and a helium turbine inlet temperature of 
922°K (1200“F). individual points have different helium cycle pres- 

sure ratios of 2, 2.5, 3, and 4 to 1, respectively. The sequences 
Rl, R2, R3‘, R4; R5, R6, R7, R8; and R9, RIO, Rll, R12 pertain to helium 
turbine inlet temperatures of 922“R (1200“F); 1089“K (1500“F) and 1255‘’K 
(1800*F), respectively. They clearly reflect the much greater costs 
associated with the higher temperature heat exchangers. The sequences 
R13, R15, R17, R19; R5, R6, R7, R8; and R14, R16, R18, R20 depict recu- 
perator effectiveness values of 0.8, 0.9, and 0.95 applied to both the 
purap-up and helium cycles . 

The above mentioned points can be considered to relate to para- 
metric Point R6 as a mean value in the parameter variations. Point R6 is 
also the most attractive from the standpoint of lowest COE in the family 
of points. 

The next group of points are those in the coal-burning family 
and relate to Point R25, Base Case A. Points R24, R25, R23 have changing 
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pump-up pressure ratio and mainly reflect increasing capitalization for 
lower pressure level comtustion. The COE for Point R25 is 9.61 mills /MJ 
(34.6 mills/kWh).' Points R21, R22 are similar but with added recupera- 
tion (0.9 effectiveness) for the pump-up set. At a pressure ratio of 10 
to Ij Point R22 has a performance improvement over Point R25 which is 
almost exactly countered by the added capitalization for no net change in 
COE. At a pressure ratio of 5 to 1 much more heat can be recovered, and 
Point R21 is considerably improved in both- capitalization and COE over 
Point R23. Points R26, R27, R28 have the different specified types of 
coal but with the pump-up turbine inlet temperature brought down to 866°K 
(1100°F) . Point R26 reflects an improvement over Point R25, Base Case A. 

There is some difference in COE associated with various coal 
fuels [about 0.55 mill/MJ (2 mills/W^h)], Montana subbituminous being 
the best. 

Point R32 using distillate at 866"K (1100“F) for the pump-up 
turbine inlet temperature is a reference for most of the remaining points. 
Point R48, Base Case B, In itself has a COE 'of 14.11 mills /MJ 
(50.8 miTls/kWh) burning distillate fuel. By switching to coal fuel, a 
considerable reduction in COE would be expected. Such a plant would re- 
semble a typical steam power plant except that the conventional steam 
turbine generator would be replaced by a closed-cycle recuperated helium 
gas turbine. Point R30, burning low-Btu gas, has a 13.08 mills/MJ 
(47.1 mills /kWh) COE and Is off-scale for capitalization. It appears to 
have no redeeming attributes. At a COE of' 14 mills/MJ (50.4/kWh) the 
high-Btu gas fuel point, R29, also, is not an attractive option. 

The combined closed cycles shown on Figure 7.59 generally had 
lower capitalization and better performance than did the recuperated 
cycles. The coal-fueled points of both types of system appear to be 
similar. Point C41 burning Illinois' No. 6 -bituminous coal is closely re- 
lated with respect to cycle configuration to Point R26. Point C41 has a 
COE of 8.75 mills/MJ (31.5 mllls/kWh) and a capitalization of $701/kW. 
compared to corresponding values of 9.03 mills/MJ (32.5 mllls/kWh) and 
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$692/kW for Point E26. The lowest COE, Point G42 burning Montana subbi- 
tuminous coal has a value of 8.42 mills /to {30.3 mills/kWh)' for COE 
0.278 mill/MJ (1 mill/kWh) lower than the corresponding, and best, recu- 
perated Point R27. 

The higher turbine inlet temperature pump-up points using dis- 
tillate fuel are definitely better with combined rather than recuperated, 
cycles. The higher cost of distillate fuel, however, eliminates 'it from 
comp etition with the coal-fueled points . 

On Figure 7.59, the congestion of points about the base case. 
Point C5, requires the use of an inset at larger scale to differentiate 
them. Points Ci, C2, C3; C4, C5, G6| C7, C8, C9 are a sequence with 
varying helium temperatures of 922, 1089, and 1255*K, (1200, 1500, and 
1800°F), respectively. For Points CIO, Cll, C12, the exhaust heat of the 
pump-up set is not utilised for heating the vapor of the bottom cycle - 
Of course, this is wasteful, and the COE values of 11.94 mills /MJ 
(43 mills/kUh) and higher reflect this fact. 

Although the COE levels for the closed combined cycles would 
appear to be too high to be competitive relative to some of the other 
EGAS energy conversion concepts , certain effects have been Identified 
which can be valid in other applications, such as open combined cycles 
or nonfossil fuel closed cycles for gas-cooled nuclear reactors. These 
effects relate to the base case, Point C5. Points C13, C14, C15, C16 
show an advantage in cycle performance as the helium compressor inlet 
temperature is allowed to rise. The maximum advantage is about 
0.11 mill/MJ (0.4 mill/kWh) for Point C16 compared to Point C5 for a com- 
pressor inlet temperature of 4S0°K (350®?) compared to (200'*F) . 

Points C17, CIS, C19, C20 are similar in that the helium temperature from 
the vapor generators is allowed to rise, producing the same improvement 
in bottom cycle fit as did Points C13, C14, C15, C16. Here, however, a 
precooler was intentionally added to bring the compressor inlet tempera- 
ture down to 309°K (9G.5“P). The improvement in COE over Point C5 was 
only 0.05 mil/MJ (0.2 mil/kWh) compared to the 0,11 mill/MJ (0.4 mili/kldj) 
improvement when the precooler was not applied. 
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Points C46, C47 use dichlorxdifluorime thane (R-12) as a bottom- 
ing fluid. -The poorer thermodynamic fit due to the stability limit re- 
sulted in .a fall-off in performance such that the COE for Point C46 is 
10.78 mills/MJ (38.8 mills/WJh), 0 .75 mill/MJ (2. 7 mills/k.Wh) poorer than 
for Point C5. Point C47 had an added loss from the rejected heat of the 
superheated R-12 turbine and has a COE value of 11.69 mills /MJ 
(42.1 mills/kUh) , 1.64 mills/MJ (5.9 mills/klfh) poorer than has Point C5. 

Points C48, C50, C51 . . . C49 utilize methylamine bottoming 
fluid and are subposed below recuperated cycles; C48, C50, C51 below a 
1478°K (2200“F) pump-up cycle, and C49 below an 866°K (1100°F) pump-up 
cycle. All have lOSQ^K (1500°F) turbine inlet temperature helium cycles. 
The large amount of heat exchange equipment required for these cycles re- 
sults in a high capitalization so that the lowest COE (Point C48) is 
0.61 mill/MJ (2.2 mills/kWh) poorer than Point C5. The 866"K (1100°F) 
case, Point C49, is especially unfavorable in this respect and has a COE 
2.36 mills/MJ (8.5 mills /WJh) poorer than Point C5. 

In addition to their relation to Point C5, Points C48, C50, (:5.l 
relate to each other as to the method of heat rejection. Point C48 re- 
jects heat to a wet cooling tower by means of a cooling-water loop. 

Point C51, however, rejects its cycle heat to a dry tower by condensing 
the methylamine directly in an air ' condenser . Point C50 has poorer per- 
formance and greater capitalization than Point C48 so that the COE is 
0.61 mill/MJ (2.2 mills /kWh) higher. This Is analogous to tlic relation 
between Point C44 (dry tower) and Point C5 (wet tower) with steam wliich 
has a COE difference of 0.39 mill/MJ (1.4 mills /kWh). The difference be- 
tween 0.61 and 0.39 mill/MJ (2.2 and 1.4 mills/kWh) is primarily due to 
differences in capitalization which, due to the novelty of some of the 
special bottoming fluid apparatus, is somewhat uncertain. Point C51 has 
better performance and lower capitalization than Point C50 so that its 
CCE is 0,36 mill/MJ (1.3 mills /kljli) lower. There is no countcrjiart for 
t!ic steam bottomed cycles. 
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The direct condensing for Point C51 Is made possible because 
the volumetric flow from the bottom turbine is low enough to deploy it 
directly to air condensers. Actually, the pipe size required for the 
methylamine vapor is of the same magnitude as that -required for a cooling- 
water loop. The pipe size for collecting the condensed methylamine is 
much less than that required for cooling water. Since the heat transfer 
•to air for the condenser and that for cooling water for a loop are both 
dominated by the air-side heat transfer coefficient, both types of sur- 
face would be highly finned and be comparable in cost. This -same effect 

, *• " 

should be applicable for a low-boiling fluid such as R-12, sulfur dioxide, 
or any other fluid of this type. 

Point C52 utilizes sulfur dioxide as a bottom fluid under a 
1478 °K (2200®F) turbine inlet temperature pump-up cycle and 1089°K 
(1500° F) turbine inlet temperature helium cycle. The high stability 
limits for sulfur dioxide permit its operation to levels of 811"K 
(1000°F). This bottoming cycle using supercritical pressure levels was 
carefully fitted to the heat available lines, and the superheated sulfur 
dioxide exhaust energy was utilized, by regenerative feed heating. The 
resulting high efficiency and small turbine size resulted in a COE of 
0.306 m±ll/MJ (1.1 mills/kWh) lower than that of the base case' (Point C5) . 
It should be possible to realize this same effect in other related types 
of cycles, such as open combined cycles, and in nuclear applications. 

In addition to the-overall descriptions provided by the compo- 
site plots of mills per kilowatt hour versus capitalization, the effect 
of specific parameter variations upon COE has been investigated. 

Figure 7.60 illustrates the effect of helium cycle pressure 
ratio and recuperator effectiveness upon the COE for the recuperated 
closed cycle. Pump-up turbine inlet temperature is 1478°K (2200°F) and 
compressor ratio is 10 to 1. The fuel is distillate from coal. Helium 
turbine inlet temperature is 1089°K (1500°F). The optimum COE occurs at 
a compressor pressure ratio of 2.5 to 1 and with a recuperator effective- 
ness of 0.9. Although for higher recuperator effectiveness efficiency 
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Fiq. 7.6.0“Influence of recuperator effectiveness on cost of 
electricity ( Recuperated ciosed"cycle) 
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can be improved, additional capital costs outweigh the gains and the 
result is a net degrading of the COE advantage. 

Table 7,24 principally Illustrates the impact of the higher 
distillate fuel prices on COE for four closed recuperated cycle cases. 

Points R25 and R26 are each fixed on coal fuel. Point R25 cor- 
responds to Base Case A, and Point R26 is similar, except that the pump- 
up turbine inlet temperature is reduced by transferring more primary heat 
to the helium cycle. This change resulted in a net reduction in COE. 
Point R6 has the a4ded effect of recuperation in the pump-up cycle, and 
overall efficiency consequently reflects an Improvement. Distillate fuel 
was used, however, and the higher COE reflects the added fuel costs. 

Point R48, Base Case B, utilizes an atmospheric pressure furnace as a 
substitute for the pump-up cycle and reflects a decrease in efficiency 
relative to Point R6. 

Figure 7.61 applies to the combined closed cycles and illus- 
trates the effect of helium cycle turbine inlet temperature and compres- 
sor pressure ratio on COE. The- optimum combination of these parameters 
appears at 1089°K (1500'"F) and 2 to 1, respectively. 

Similar to the above described recuperated cycle tabulation. 
Table 7.25 illustrates the effects of fuel type and cycle arrangement on 
COE for selected combined closed cycles. 

A comparison of recuperated and combined closed cycles with re- 
spect to fuel price sensitivity is presented in Table 7.26. In each 
case, the cost of fuel has been arbitrarily escalated from 0.806 to 
$1.42/GJ <0.85 to $1,50/10^ Btu), an increase of 76%f The combined 

closed cycle is preferred here, with its overall COE escalating 18%, as 
compared with. 20% for the recuperated cycle example. 

The natural' resource requirements consisting of coal, sorbent 
(for gasification systems), water for heat rejection, gasification pro- 
cess, etc., and land usage have been estimated and are given for the re- 
cuperated and combined closed-cycle systems in Tables 7.27 and 7.28, 
respectively. 

* Indicated by number in parentheses in Table 7.26. 



TABLE 7.24 


Fuel Type 

Fuel Cost. $/106 Btu 
Cost of Elec, quills/ kWh 
Capital Cost/$/kW 
Efficiency,'^ 

Power Output, JVIW 
Pump-lip 
Helium 
Total 

Helium Cycle 
Temp.^F 
P. R. 

Recup. Eff. 

Pump Up Cycle 
Temp.,^F 
P. R. 

Recup. Eff. , % 
Capacity Factor 
Parametric Point 


Dwg. 6363A79 


RECUPERATED CLOSED-CYCLE RESULTS 



1700 1100 2200 No 

10 10 10 Pump 




Cost of Electricity, Mills/kWh 



Fig. 7. 61 -Influence of helium temperature and pressure 
ratio on cost of electricity for a closed combined cycle 
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TABLE 7.25 


Fuel Type 

Coal 

Fuel Cost, $/10^ Btu 

0.85 

Cost of Eiec. /mil Is/ kWh 

31.5 

Capital Cost, $/kW 

701 

Efficiency,, % 

38.2 

Power Output, MW 


Pump-up 

84 

Helium 

117. 

Bottom 

179 

Total . 

380 

Helium Cycle 

Temp., °F 

1500 — 

P. R. 

2.5— 

Pump Up Cycle 

Temp., ®F 

1700 

P.R. 

10 

Bottom Cycle Fluid 

Steam 


Capacity Factor 
Parametric Point 


0.65 

41 


Dwg. 6363A80 


COMBINED CLOSED-CYCLE RESULTS 


Dist. 

2.60 


36.2 

38.9 

38.4 

35.1 

439 

470 

544 

431 

40.9 

37.8 

43.1 

42.5 

113 

113 

110 

113 

86 

86 

198 

86 

191 

165 

105 

209 

390 

364 

413 

408 





5 


46 


2 



ecr-z 


Dwg. 6367A50 


Table 7.26 Comparison of Closed Cycle Coal Fired Gas Turbine Plants 



Recuperative 


Combined 

Cost of Fuel, $/10^Btu 

0.85 

L.50 ( 1 76) 

0.85 

L50 

Cost of Elec. , Mills/kWh 

33.50 

40.10 (1.20) 

31. 50 

37.30 

Cost of Fuel, Mills/kWh 

8.70 

15.40 

7.60 

13.40 

Capital Cost, $/kW 

692.00 


701.00 


Efficiency, % 
Capacity Factor 

33. 30 
0.65 


38.20 

0.65 


Parametric Point 

26.00 


41.00 



(L76) 

(L18) 
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Table 7.27 -RE Ct'P FF ATEC HtLlUr' CLtSEr CYCL^ C T FY'-TCM ^ATUfiAL RESOURCc RE Sb IR F F h T S 


PARAKETRIC POINT 

1 

2 


4 

5 

E 

7 

3 

COALf LB/KK-HR 

2.QE2B3 

2.1D36Q 

2.21S1D 

2.S3595 

1,35367 

1.31223 

1.35715 

2.00733 

scrbant or sees »LD/KH-HR 

.OP DOG 

•ornrc 

■.DPOCO 

.CPCCG 

.CQDCO 

•COCOO 

.CCOCC 

.CGCEC 

TOTAL WATEP» 3AL/KW-HR 

.000 

.CCC 

.000 

• COO 

.000 

,000 

.000 

.ODD 

COOLINC WATER 

.DOC 

.000 

.CCC 

.COD 

•COD 

.000 

.occ 

.OCC 

GASIFIER PROCESS H20 

.00000 

.00000 

.00000 

.00000 

.00000 

.00000 

.00000 

.00000 

CONDENSATE MAKE UF * 

.00000 

.OODCO 

.OOGHO 

.00000 

.00000 

.00000 

.ccoCfd 

.CGOGC 

WASTE HANDLING SLUPRY 

.0000 

.0000 

.noQo 

.0000 

.□ODD 

.0000 

.0000 

.0000 

SCrUBBSR WASTE MATER 

.caoDC 

.cor CD 

.oriCOC 

.QCiOGG 

,00000 

.crooo 

.ccccc 

•CCOCC 

. .MOX SUPP.RESSrON 

.ooQoa 

.UODDD 

.ODODD 

^OOOOO 

.DDDOa 

.QOOQO 

.00000 

.□□ODO 

Total land acr-es/iccmwe 

94.22 

E5 .F4 

ICC. 35 

321 .SO 

7S.0S 

77.72 

75 .so 

ES.5F 

HAIN PLANT 

17.57 

17. 7G 

13,30 

19. 3G 

15. 2G 

16.21 

16.45 

17.24 

DISPOSAL LAND 

.00 

.00 

.00 

.CO 

.00 

.00 

.GC 

.CC 

LAND FOR ACCESS RR 

7G.56 

73.03 

37,05 

101.74 

G1.95 

61 . 51 

53. D5 

63.14 


PARAMETRIC POINT 

9 

in 

11 

12 

13 

14 

15 

16 

COAL , L8/KW-HR 

l.eSDOE 

l.C4«2S 

1 .6 6 717 

1.75100 

r .D451E 
.00000 

1 .70092 

1 .5E3GC 

1 .73315 

SORBANT OR SEEDtLB/KM-HR 
TOTAL WATER. GAL/KH-PP 

.00000 

.00000 

.00000 

.00000 

.DDCOQ 

.00000 


.ODD 

.OCG 

.GCQ 

• ODD 

,000 

.000 

.COG 

COOLING HATER 

.000 

.000 

.000 

.000 

.000 

.00000 

.000 

.000 

.co8E? 

GASIFIER PROCESS H20 

.CCCOG 

.COCOO 

.OCDOQ 

.COCOO 

.COODO 

.COODO 

CONDENSATE MAKE UP . 

.OOODD 

.00000 

. .OOQOD 

.00000 

.00000 

.00000 

.00000 

.00000 

HASTE HANDLING SLURRY 

.OOQC 

.0000 

.CCDC 

.0000 

.0000 

.0000 

.OOGC 

.□ooc 

SCRUBBER HASTE HATER 

.00000 

.00000 

.00000 

.00000 

.DODDO 

.oaffOQ 

.00000 

.00000 

.00000 

NOX SUPPRESSION. 

.coooc 

.OPPCC 

.OPCPO 

ICO DOC 

•COCOO 

.So CCC 

•COOCC 

TOTAL LAND ACRES/ICOMWC 

S7.33 

66.72 

S6.56 

5 9.91 

56.94 

F.3.1C 

33.66 

69.25 

MAIN PLANT 

15.45 

15.22 

1.5.41 

IF.SS 

17.43 

lE.GC 

17.01 

15. 7E 

DISPOSAL land 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

LAND FOP ACCESS RR 

51.34 

FC.’D 

51.45 

54.04 

F9.41 

52.50 

EG .64 

53,45 


farahetfic point 

17 

IS 

1<^ 

CO 

21 

22 

23 

24 

COAL, La/K-'-HQ 

1.S66SG 

1.-30141 

I.nr.SGl 

l-'37695 

.91364 

.92921 

1.07741 

.96124 

SORBANT OR SEED tLE/KW-KR 

.COOCC 

.CGCCC 

.orcro 

.COOCC 

,4e34C 

.451E4 

.E7CCE 

.E0S5E 

TOTAL HATEFf 3AL/KK-HR 

.000 

,000 

.000 

.000 

.155 

.153 

.133 

.163 

COOLING water 

.ooc 

,crc 

,000 

.COO 

.000 

.COG 

,00c 

.GGC 

GASIFIE'' PROCrsr H20 

.CDOOD 

. c 0 n G c 

.noono 

.cncno 

. ODODO 

.00000 

.00000 

.OOQQD 

.CCCCC 

CONDENSATE HaKE UP » 

.GPOOC 

.cccrc 

•LtCCO 

.COCOO 

.CDOOQ 

.CCDGC 

.COCCC 

UASIE ilANOLING SLUHPY 

.0000 

.0000 

.GOOD 

.0000 

.1001 

-1013 

.1130 

.1055 

SCRUBBER HASTE HATER 

.OOODC 

.DCDCO 

.00000 

•CCCDD 

.C54B? 

•CEE7E 

.CE4E4 

.C5767 

TOT^e\irc'=5E§fi5SrCMHE 


.O9OQO 

.OOODD 

S7.7C 

.00000 

50.37 

.00000 
1 69. S2 

.00000 
3 E 7 -0 S 

.QOOQO 
175 .ES 

.OQCOO 

172.55 

Bii^olAL^L AND 

^^*.CG 

16.15 

.rc 

17,55 

.DO 

17.10 

.DC 

19.37 
50. OS 

15.57 
'1 .44 

21.40 

54.43 

19.37 
54. 25 

LAND FOR ACCESS R9 

66.76 

61.15 

70.16 

73.23 

70.37 

66.09 

63.36 

63.37 


9APAM5TRIC 90INt 

•.c 

2F 

T? 

2 1 

- c 

’0 

31 

m 

COAL, LE/KL-HP 

.2S57E 

.94SC2 

1 . 1 : 51 c 

1.C2511 

1.45517 

1 .r2C5: 

1 .ESF22 

l.C7C££ 

SORBANT OR SEED ,L S/KH-HR 

total hate®, Cal/kh-hR 

.52368 

, 50212 

.13167 

.14575 

.00000 

1.C79S7 

.00000 

.00000 

.158 

.161 

.085 

.093 

.000 

.344 

•OCC 

.cct 

C00LIN3 WATER 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

gasifies process H20 

.COCOO 

.00000 

.00000 

.CCGOG 

.CODOC 

.C5C7S 

.COCCC 

.ccccc 

CONDENSATE MAKE UP. t. 
WASTE HaNDLINC SLURRY 

.00000 

.OOQOD 

.OOODD 

.00000 

.00000 

•DODOD 

.□0000 


.1034 

.1039 

.0273 

.0302 

.0000 

• 223E 

.CDCC 

SCRUBBED WASTE WATER 

.05939 

.05634 

.0573S 

.05307 

.CDOOD 

.06123 

.nocQO 

.00000 

NOX SL‘9PPESSrCN 

•rocpo 

.CDCCD 

.ccccc 

.CCCCC 

.rcoco 

.CCCCC 

.rrcrc 

.cccrc 

TOTAL las: AC9CS/10CPWE 

*.71.61 

131.13 

131,5? 

'-31.33 

95 . ■'S 

■’••7.73 

95.04 

94.43 

main plant 

20.33 

IS.CE 

1' .QS 

25.22 

14. Cl 

1 5 .2 7 

IS .!£ 

15 .CE 

DISPOSAL LAND 

36.75 

33.13 

33.27 

36.60 

.00 

153-72 

.00 

.00 

land fop access RR. 

64.53 

75.50 

70.22 

75.42 

75.13 

E4 ,2 S 

7E.es 

7S.34 




L FifSCL'SC" EMi 


:7 

' c 

JC 

4C 

r-uzme 

l.?DSC2 

1.33353 

1.39332 

.CDGCX 

.CCGOG 

.COCDG 

.ccccc 

.ODD 

• ,000 

.000 

.000 

.E'QO 

.GCO 

.000 

.CCE 

-OCOOO 

.00000 

.00000 

.00000 

.CCGCO 

.occoc 

.ooocc 

.ccccc 

-onoo 

.0000 

.0000 

• 0000 

.OCDOC 

.CCiCOO 

,00000 

.CDCCC 

.ooono 

.00000 

.00000 

.00000 

25G.2S 

14 .71 

E4 , ?? 

F5 .3£ 

15. °7 

14.71 

15.14 

25.19 

.GO 

.nc 

.00 

.CO 

.CC 

24C.32 

7S.7S 

90,19 


45 

4 G 

47 

49 

:.D 55 P 3 

1 ,E 7 e££ 

1 .£ 76 ££ 

1.92924 

.00000 

.CODOO 

.00000 

.oog^o 

.r-rc 

.COG 

.CCC 

,000 

.GOO 

.000 

• DOC 

.croon 

.CO one 

.CCCCC 

.ccrcr 

.00000 

.00000 

,nnono 

•GOOOD 

.cooc 

.CDOC 

.cccc 

• CCCC 

.00000 
.000 00 

.00000 

.COOOD 

.CGODO 

.CDCCC 

:mn 

103.43 

94,43 

94.43 

97.37 

15.S6 

15 .P£ 

15 .C5 

11 .95 

.no 

.00 

.00 

.00 

32.47 

7 <; .34 

73 .74 

fiS . 4 £ 

12 

£4 

14 > 
1.1 

. 5E 


.00000 

.GQOOD 

.00000 

.00000 

•CCOQC 

.CCOQC 

.GOCOC 

.CDCCC 

.000 

. ,000 

,000 

.000 

.000 

.COD 

.COD 

.CCC 

.00000 

.00000 

.00000 

.00000 

.Dcooa 

.00000 

.OCQOC 

• CDGC C 

.0000 

.0000 

.GOOD 

.□□DO 

.00000 

,c c cn r. 

.CCDGC 

.CCCCC 

.nnrrc 

.f-nnee 

•CODOO 

.00000 

.rc 

.ot 

• CD 

.CC 

.00 

.CO 

.00 

.00 

.CQ 

,oc 

.CC 

.CC 

.00 

.00 

.00 

.00 
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Table 7.28 COKBINEO AIR-HELIUM-STEAH TURB CYCLE NATURAL RESOURCE REQUIREKEMS 


PARAMETRIC POINT 

1 

2 

3 

4 

5 

S 

7 

8 

■COAL. L9/KW-RR 

I.S7977 

1.77530 

1.97338 

1.52530 

1.S3433 

1.57363 

1-40524 

1.41182 

SORBANT OR SEEOtLB/KW-HR 

.OODDO 

.00000 

.00000 

.CDOOO 

.GOQOG 

.00000 

.cooco 

.00000 

TOTAL WATERf 3AL/KH-TR 

.537 

.539 

.546 

.615 

.577 

.5 47 

• 584 

.549 

COOLING water 

.691 

.603 

.541 

.610 

.572 

.543 

.575 

.544 

GASIFIER PROCESS .420 

.30000 

.33030 

• 33 000 

.30030 

.00000 

. OQOOO 

.30300 

.aooQO 

CONDENSATE HAKE UP » 

.00577 

.CDA80 

.00411 

.00527 

.00478 

.0D433 

.00501 

.C0466 

WASTE HAN3LIN3 SLURRY 

.0000 

.0000 

.3300 

.0300 

.0000 

.0000 

.0000 

.0000 

SCRUBBER HASTE WATER 

.ODDOD 

.00000 

.00000 

.00000 

.00000 

.00000 

.oecoD 

.cocoo 

NOK SUpoRESSrON 

.03000 

. 00030 

•QOOOC 

.30000 

.00000 

.00000 

.00000 

.00000 

total land ACRES/IOOHHE 

R7.07 

43.87 

46.04 

43.32 

43.51 

39.74 

40.42 

40.50 

MAIN PLANT 

IS. 95 

IS. 49 

17.05 

15.06 

15.10 

15. 36 

14.35 

14.36 

DISPOSAL land 

• DO 

.00 

.00 

.00 

.00 

.00 

,0D 

.00 

LANO FOR ACCESS RR 

31.11 

27.33 

23.99 

23.25 

23.41 

24.37 

25.07 

26.14 


PARAMETRIC POINT 

g 

10 

11 

12 

13 

14 

15 

16 

COAL. L8/KU^HR 

1.4535S 

2.00152 

1.88382 

1.80982 

1.54138 

1.52451 

1 .51380 

1.50184 

SORBANT OR SEEQ»L3^KW-9R 

.03300 

.03030 

.03000 

.30003 

.00000 

.OODDO 

.30000 

.00000 

total VATERf GAL/KW-HR 

.433 

.401 

.488 

.59JD 

.559 

.597 

.621 

.650 

COOLING WATER 
GASIFIER PROCESS H20 

.439 

.333 

.435 

.535 

.555 

.592 

.616 

.644 

.CDQOC 

•OOOOD 

.ODCCO 

.00000 

.00000 

.00000 

.GDCGC 

.COOOD 

CONDENSATE MAKE UP . 

.00409 

.03317 

.00386 

.30465 

.00463 

.D04 95 

.00515 

.00539 

WASTE HANDLING SLURRY 

.DDOO 

.ODDO 

.noDO 

.DODD 

.0000 

.0000 

.occc 

.GOOD 

5CRU33ER WASTE WATER 

.00000 

.30030 

.OOODD 

.30003 

.□ODDO 

.OODDO 

.00000 

*30000 

NOX SUPPRESSION 

.OOGOD 

.OCODO 

.ODOOD 

.□DDOO 

.OODOO 

.00000 

.ODCQC 

.CQDOC 

TOTAL LANO ACRESFIOIHWE 

37.34 

36.22 

42.35 

43.88 

43.69 

43,27 

43.01- 

47.36 

MAIN Plant 

14.61 

17.69 

16.21 

15.13 

15,15 

15.05 

14,93 

14.32 

DISPOSAL LANO 

.00 

.30 

.00 

,00 

.00 

.00 

.00 

.00 

LAND FOR ACCESS RR 

22.43 

18.53 

2F.SS 

28.89 

28.55 

28.23 

28.03 

32.44 


PARAMETRIC POINT 

17 

18 

I® 

20 

21 

22 

23 

24 

COALf L9/KH-KH 

1.55391 

1.S5D31 

1.55391 

1.55391 

1'. 60339 

1.50243 

1.56385 

1.67091 

SORBANT OR SEED »LB/KW-HR 

.DOOOO 

.QODCO 

.OPDCO 

•OODOO 

.00000 

.CDOOO 

.COCCD 

.OOOOC 

TOTAL WATERi 3AL7KW-4R 

.549 

.549 

.549 

.543 

.511 

.543 

.573 

.604 

COOLING hater 

.544 

.544 

.544 

.544 

.607 

.633 

.568 

.593 

GASIFIER PROCESS «23 

.00030 

. DDODO 

.09003 

. 30330 

.93003 

. ODOOD 

.30000 

.□DD33 

CONDENSATE HAKE UP t 

.00455 

.00455 

.3C455 

.00455 

.00454 

.00456 

.00452 

.00501 

WASTE HAN3LIN3 SLURRY 

.0000 

.3030 

.0003 

.3000 

.0000 

.0000 

.0000 

.DOQO 

SCRUBBER HASTE HATER 

.ODODO 

.OOOOC 

.00000 

.00000 

.OCDOQ 

.DOCOO 

.COCDC 

.CDOOO 

MOX SUPPRESSION 

.90303 

.39330 

.03003 

.33000 

.OODOO 

.00030 

.00030 

.00000 

total land ACRES/lCOtME 

43.92 

43.32 

43.92 

43.92 

45.32 

45.18 

44 .23 

43-45 

MAIN PLANT 

15.23 

15,20 

15,20 

15,23 

15.54 

15.51 

15.28 

15.09 

DISPOSAL land 

.DO 

.00 

.00 

.00 

.30 

.0 0 

.00 

.00 

LAND ^O't ACCESS RR 

23.72 

23.72 

23.72 

29.72 

23.78 

29,67 

23.96 

28.36 


PARAMETRIC POINT 

25 

26 

27 

25 

23 

30 

31 

32 

COAL* LB/KH-HR 

1.67891 

1.57967 

1.G307G 

1.53902 

1.54C16 

1.5391C 

1.54433 

1.52721 

SORBANT OR SEEOtLB/K U— IR 

.00030 

.33030 

.03000 

.33303 

.30000 

.00009 

.aoooD 

.30000 

total HATER* GAL/KW-HR 

.608 

.559 

.538 

.590 

.604 

.590 

.608 

.571 

COOLING HATER 

.503 

.554 

.533 

.535 

.599 

.585 

.603 

.567 

gasifier process H20 

CONDENSATE HAKE UP • 

.03300 

.CDOOO 

.QC0D3 

.CDOOO 

.03000 

.30303 

.COCCG 

.COCDC 

.39455 

'.99453 

.99446 

.30,489 

.00500 

.00482 

.00497 

.00473 

HASTE HANDLING SLURRY 

.0000 

.0000 

.0000 

.0000 

.0000 

.OOOG 

.CDDG 

.ODCQ 

SCRUBBER HASTE WATER 

.30000 

,33930 

.93000 

,33300 

.00000 

.00000 

.30000 

•30000 

NOX SUPPRESSION 

.00000 

.ODODO 

.00030 

.CODOO 

.00000 

.OCODO 

.coccc 

.COCOO 

TOTAL LANO ACRES/13-IMHE 

43. 63 

44.52 

43.33 

43.63 

43.75 

43.64 

44.05 

43,34 

MAIN PLANT 

15.13 

15.37 

15.66 

15.13 

15.16 

15.14 

15.24 

15.06 

DISPOSAL LANO 

.90 

.90 

.00 

.00 

.00 

.09 

.00 

.00 

LANO FOR ACCESS RR 

28.50 

29.25 

25.17 

Z8.5C 

28.59 

28.51 

28,82 

28.28 





Table 7.28 COMBINED AIR~HELIUH-STEAK TURC CYCLE NATURAL RESOURCE REQUIREMENTS 
Continued 


PARAMETRIC POINT 
COALf L5/KM-HR 
SORBANT OR SEED »L B/KH-HR 
TOTAL hater* 3AL/.KH-4R 
C00LIN6 UATER 
SASlFlER PROCESS H2D 
CONDENSATE HAKE OP » 
WASTE HANDL1M3 SLURRY 
scrubber waste HATER 
NOX SUPPRESSION 
total land ACRES/IOCMVE 
MAIN PLANT 
DISPOSAL land 
LA.NO FOR ACCESS RR 


33 . 

34 

35 

36 

1.53535 

1.53840 

1.53238 

1.53513 

.00000 

.00000 

.00000 

.00000 

.534 

.532 

.572 

.532 

.573 

.587 

.567 

.577 

.30000 

.30030 

.00000 

.30000 

.□0484 

.G0491 

.DD474 

.00482 

.0000 

.3030 

.0000 

,0000 

.00000 

.00000 

.DOODO 

.00000 

.oaooo 

‘ .00030 

.00000 

.DODOO 

43. SG 

43. El 

43. 4E 

43.54 

15. IZ 

IS. 13 

15,03 

15.11 

,00 

.CO 

.00 

.00 

23.45 

23.43 

23.37 

23.43 


37 

38 

39 

40 

.53430 

1.53430 

1.19B58 

.82726 

.00000 

.00000 

.COOCC 

.43771 

.574 

.574 

.563 

.780 

.570 

..570 

. <.658 

. .58.7 

.30000 

.00000 

.00000 

.04765 

.00480 

.00480 

.D04G7 

.00431 

■.0000 

.DODD 

.□ODO 

;0305 

.OOOOQ 

.ODCDO 

.ooccc 

.C43G4 

.00000 

.00000 

.00000 

.00000 

43.3G 

43 .38 

• 39.71 

127,02 

15.07 

15.07 

12.65 

27.39 

.00 

.00 

• .DC 

S9.54 

23.30 

28.30 

27.07 

30.08 


’ATAHETRIC POINT 
COAL* LB/KH-HR 
S0R3ANT OR SEE0*L3/t<«-:TR 
TOTAL HATER* QAL/KU-HR 
COOL IMS ffATER 
GASIFIER PROCESS H20 
CONDENSATE MAKE UP . 
HASTE HANDLING SLURRY 
SCRU93ETT HASTE HATER 
NOX SUPPRESSION 
TOTAL LAND ACRES/IOOMHE 
MAIN plant 
DISPOSAL LAND 
LAND FOR ACCESS RR 


41 

42 

43 

44 

.82728 

1.02841 

1.35436 

1.58620 

.43771 

.11533 

.12318 

.03000 

.756 

.6 SI 

,675 

.005 

.511 

.631 

.593 

.003 

.OOOOQ 

.00000 

.00000 

.CCDOO 

.9Q4S4 

.09457 

.00450 

.00483 

■ .0306 

.0242 

.0267 

.0000 

.04354 

.05331 

.05147 

.00000 

.OODOD 

.DDOOO 

.00000 

.00000 

62.35 

SO. 56 

62.56. 

93.77 

15.48 

15.68 

IS, 84 

15.45 

17.45 

14.33 

16.13 

.00 

29.41 

30.05 

30.53 

78.32 


45 ' 

• 46 

47 

48 

1 .50600 

1.65701 

1.85333 

1.45439 

.□0000 

.00000 

.00000 

.00000 

.005 

.6X0 

1.038 

.679 

,000 

.310 

1,038 

.679 

.OOCDO 

.00000 

.00000 

. CO 000 

.00480 

.□□□00 

,00000 

.00300. 

.0000 

,000 0 

• DCCC 

.0000 

.00000 

.30000 

.DOOOQ 

-30000 

.00000 

.00000 

.00 DOG 

•COODD 

14.69 

61.88 

74,20 

55.05 

14,89 

15.87 

17 .00 

14.65 

.00 

.00 

_ .00 

.00 

.00 

46.01 

5 7.2C 

40,40 


PARAMETRIC POINT 
COAL* LB/MH-HR 
SORBANT _es . S EEO » L B/ KU tHB 
TOTAL HATER*' 3AL/KU-'1H 
COOLING mater 
GASIFIER PROCESS H23 
CONDENSATE HAKE UP * 
haste HAN0LIN3 SLURRY 
SCRUBBER HASTE MATER 
NOX SUPPRESSION 
total land ACRES/ICOMHE 
MAIN PLANT 
DISPOSAL LAND 
LAND FOR ACCESS RR 


49 

SO 

51 

52 

1.56552 

1.52738 

1.47313 

1.47546 

.OOQDO 

.00000 

.00000 

.OOQOD. 

.806 

.000 

.000 

.677 

.806 

.DOG 

.000 

.677 

.30000 

.30000 

.03000 

.30000 

.00000 

.COOOO 

.00000 

.CDCDC 

.OGOO 

.3330 

.0000 

.0000 

.00000 

.00000 

.00000 

.00000 

.03900 

.03030 

.00000 

.30300 

53.45 

156.59 

137,57 

55,75 

13. 96 

15.1 3 

14.94 

- 14.73 

.00 

.00 

.00 

• DO 

45.43 

141.41 

122.73 

40.37 


53 

54 

55 

56 

.00000 

.00000 

.ODOOO 

.30000 

.DOCJID. 

.COOOO 

.oocoo 

.cococ 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.000 

.00000 

.00000 

.30000 

.90000 

.ooooa 

.00000 

.PDCOC 

.cococ 

.0000 

.0000 

.0000 

.0000 

.00000 

.00000 

.cocco 

.cococ 

.OOOOQ 

.□0000 

.00300 

.00000 

.00 

,0 0 

.00 

.00 

.00 

.00 

.00 

.00 

.00 

•.oo 

.00 

.oc 


• OO 

.00 

.00 


aiRKPT PRINT* 



7.7 Conclusions and Recommendations 


7 . 1 , 1 Conclusions 

In comparison with other EGAS energy conversion systems, both 
the closed recuperated and combined-cycle systems are not generally 
attractive for base-load (or lower) capacity factor operation. 

The combined closed-cycle systems, in general, have a lower COE 
and better performance than the recuperated closed-cycle systems, al- 
though for operation on coal fuel the results for both types of cycle are 
nearly alike. Substitution of a sulfur dioxide bottoming fluid system 
for the steam system results in reduction of the overall base-load COE 
because of higher efficiency and reduced capital costs. 

Firing of the coal-derived distillate fuel is not competitive 
with direct burning of coal for base-load operation in this type of 
plant. Further, of the types of coals investigated for direct burning, 
the Montana subb ituminous results in the lowest COE. Firing high-Btu 
gas , as well as using integrated low-Btu gasification, are not attractive 
options because of high capital cost. 

As with open-cycle gas turbine systems, increasing the closed- 
cycle turbine inlet temperature results in Improved cycle efficiency for 
both the recuperated and combined closed-cycle systems. Also, the closed- 
cycle compressor pressure ratio for optimum efficiency increases grad- 
ually with higher turbine inlet temperatures. For example, the 
nonintercooled recuperated and combined closed cycle systems, at a tur- 
bine inlet temperature of 922°K (1200®F) , show optimum therodynamic effi- 
ciency at a compressor pressure ratio of approximately 2 to 1; while at 
1255°K (1800°F) turbine inlet temperature the optimum occurs at a value 
of nearly 2.5 to 1. 

In contrast with the open-cycle gas turbine systems, however, 
the COE is not a continually decreasing function of higher turbine inlet 
temperature. For both the recuperated and combined cycles, the minimum 
COE was determined to occur at a turbine inlet temperature of 1089°K 
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(1500“F). This result follows from the greatly increasing heat exchanger 
cost at the higher- turbine inlet temperatures . 

The influence of recuperator effectiveness for the recuperated 
closed“cycle systems is similar to the above described effect of turbine 
inlet temperature. Although increasing the nominal recuperator effective- 
ness results in a steady improvement in thermodynamic efficiency, the 
optimum value for a minimum COE is approximately 0.9. 

Results of alternative methods of heat rejection, including wet 
cooling tower, dry cooling tower, and once-through cooling, are similar to 
the results determined in the gas-steam combined-cycle section of this 
study. That is, minimum COE obtained with once-through cooling, maximum 
COE with dry tower heat rejection. Also, the difference in COE between 
wet and dry tower rejection is larger than that between once-through and 
wet tower cooling. 

The use of compressor intercooling in conjunction with the 
recuperated-cycle configuration results in a reduced COE with the optimum 
compressor pressure ratio at a value of approximately 5 to 1 at the 
1089'’K (1500“F) turbine inlet temperature level. 

7.7.2 Recommendat ions 

Certain features of the closed-cycle system merit further in- 
vestigation . 

• Due to the high leverage of the helium heater costs on 
the plant cost and. the overall COE further work on 
this cycle should begin with more detailed technical 
and economic evaluation of the helium heater system. 

« The use of closed helium cycle with bottoming cycle 
should be further studied for other heat source appli- 
cations, such as in a high-temperature gas-cooled 
nuclear reactor. 

• The feature of bottoming with a low-boiling, high- 
temperature stable fluid, such as sulfur dioxide or 
ammonia, should be studied further. 
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• The feature of deploying a low-hoiling fluid for 
direct condensing in an air condenser .should receiy.e. 
addi tional inves t igat ion . 
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